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and  demonstrate  the  suitability  of  the  electroform  conductive-wax  process,  used  in 
conjunction  with  conventional  production  processes,  for  the  manufacture  of  fluidic 
systems.  During  Phase  I,  an  integrated  amplifier-manifold  hydrofluidic  stability 
augmentation  system  using  the  electroform  conductive  wax  process  was  successfully 
designed,  fabricated,  and  qualification  tested,  and  a pilot  production  line  using  the 
electroform  conductive  wax  process  was  defined.  The  pilot  production  line  includes 
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SECTION  I 
INTRODUCTION 


Most  conventional  production  techniques  are  not  readily  adaptable  to  the 
manufacture  of  fluidic  devices  with  small  passageways,  intricate  con- 
figurations, close-tolerance  requirements,  and  the  need  for  sealed 
circuits.  Consequently,  the  electroform  conductive-wax  (ECW)  pro- 
cess was  developed.  Through  various  developmental  programs,  it  was 
demonstrated  that  the  ECW  process  has  the  capability  for  accurately 
fabricating  leak-proof  fluidic  components.  The  object  of  this  program 
is  to  determine  the  production  suitability  of  the  ECW  process,  in  con- 
junction with  existing  conventional  processes,  for  the  manufacture  of 
fluidic  systems.  This  34-month  program  was  divided  into  three  phases. 
Phase  I,  reported  in  USAAMRDL-TR-75-49,  consisted  of  the  following 
major  tasks:  * 

• Design  and  development  of  an  integrated  amplifier-manifold 
circuit  for  use  in  the  hydrofluidic  yaw  axis  stability  augmen- 
tation system  (SAS),  which  was  developed  under  Contract 
DAAJ02 -72 -C-0051  for  the  Eustis  Directorate,  USAAMRDL, 
Fort  Eustis,  Virginia. 

• Qualification  testing  of  the  SAS  with  the  integrated  amplifier- 
manifold  circuit. 

* Robert  Lewis,  Walter  Posingies,  and  Burton  Scott,  Production 
Suitability  of  an  Electroform  Conductive  Wax  Process  For  the 
Manufacture  of  Fluidic  Systems,  Honeywell  Inc. , USAAMRDL 
Technical  Report  75-49,  Eustis  Directorate,  U.  S.  Army  Air 
Mobility  Research  and  Development  Laboratory,  Fort  Eustis, 
Virginia,  November  1975,  AD  A018874. 
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Design  of  a pilot  production  line  for  the  fabrication  of 
fluidic  components  using  the  ECW  process  and  for  the  func- 
tional testing  of  the  components. 


Phase  II,  reported  in  USAAMRDL-TR-76 -42,  consisted  of  the  following 
major  tasks: “ 


• Manufacture,  assembly,  and  checkout  of  the  complete 
production  line  designed  in  Phase  I. 

• Fabrication  and  testing  of  three  lots  of  system  components 
using  the  Phase  I production  line.  Each  lot  consisted  of 
three  sets  of  hardware. 

• Assembly  and  testing  of  a complete  system  from  each  lot. 

• Analysis  of  the  test  results  of  each  lot  to  modify  the 
design,  the  ECW  process,  or  process  equipment,  if 
necessary,  before  fabrication  of  the  next  lot. 

Phase  III,  the  subject  of  this  report,  consisted  of  the  following  major 
tasks: 


• Fabrication  of  four  lots  of  electroformed  components,  each 
lot  consisting  of  five  sets  of  components. 

• Testing  of  all  electroformed  components,  flow-control 


valves,  and  pilot  input  device  (PID)  valves  as  compo- 
nents, and  evaluating  them  after  they  had  been  randomly 
assembled  into  systems. 


2 


Walter  Posingies,  Production  Suitability  of  an  Electroform  Conductive 
Wax  Process  for  the  Manufacture  of  Fluidic  Systems,  Honeyw ell  Inc.  , 
USAAMRDl.  Technical  Report  76-42,  Eustis  Directorate,  U.  S.  Army 
Air  Mobility  Research  and  Development  Laboratory,  Fort  Eustis, 
Virginia,  July  1 976 . 
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• Application  of  statistical  analysis  to  the  component  test 
data  to  develop  statistical  distributions  and  performance 
variances. 

• Calculation  of  projected  manufacturing  cost,  which  included 
nonrecurring  costs,  for  quantities  of  50  and  1000  systems. 
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SECTION  II 

SYSTEM  CONFIGURATION 


A photograph  of  a completed  yaw  axis  fluidic  controller  is  shown  in 
Figure  1.  This  system  is  designed  to  bolt  directly  onto  a Hydraulic 
Research  30005000  servoactuator.  Input  flow  is  supplied  by  the  servo- 
actuator  in  the  location  shown,  and  signals  generated  within  the  con- 
troller are  communicated  back  through  the  three  servo  command  ports 
in  the  outlet  block.  Also  shown  in  this  photograph  is  the  flow- control 
valve,  which  maintains  fluidic  system  flow  at  0.  7 gpm  over  the  fluid 
temperature  range  from  40°F  to  180°F, 

Output  commands  are  computed  by  the  fluidic  controller  using  both  its 
internal  vortex  rate  gyro  and  a second  device  that  transduces  pilot  yaw 
commands  into  fluidic  signals  (PID).  The  PID  input  cable  and  PID 
level  arm  are  also  labeled  in  Figure  1.  Relationships  between  these 
components  are  shown  in  the  Figure  2 schematic. 

Resistors  R22  and  R23  in  the  schematic  are  the  electroformed  bolt-on 
through-rate  resistors  shown  in  Figure  1.  Electroformed  bolt-on  feed- 
back resistors,  R10  and  Rll,  and  the  viscosity-sensitive  bypass  resis- 
tor are  in  both  figures.  Another  feature  visible  in  the  photograph  is  the 
dual-function  lock  lever,  which  rotates  a blade  within  the  vortex 
chamber  to  generate  a swirl  similar  to  that  produced  by  input  turning 
rates.  This  lever  can  be  adjusted  to  compensate  for  rate  sensor  offsets 
during  calibration  and  can  be  pushed  to  generate  a "psuedo-rate",  pro- 
viding a built-in  test  (BIT)  function  during  system  performance  check- 
out in  the  aircraft. 
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Figure  2.  Fluidic  System  Schematic. 


Figure  3 is  an  exploded  view  of  the  controller  hardware  with  the  major 
components  labeled.  Amplifier-manifold  is  the  official  name  for  the 
integrated  circuit,  which  is  the  largest  and  most  complex  electro- 
formed  component  on  this  program.  The  BIT  blade  can  be  observed 
protruding  through  the  rate  sensor  cover.  High-pass  capacitors  are 
bellows  soldered  to  covers  and  are  labeled  Cl  and  C2  in  the  sche- 
matic. Other  capacitors  are  the  lag  capacitor,  C3,  and  the  filter 
capacitor,  C4.  An  electroformed  pickoff  combined  with  a stack  of 
etched  coupling-element  disks  constitute  the  pickoff  assembly.  Figure 
4 is  an  assembly  drawing  showing  details  of  controller  construction, 
and  Table  1 is  a parts  list. 
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Figure  3.  Yaw  Controller  — Exploded  View. 
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SECTION  in 

COMPONENT  FABRICATION  AND  TEST 


Electroformed  components  were  fabricated  in  four  lots  of  five  compo- 
nents each  in  accordance  with  the  process  defined  in  Phase  II  of  this 
contract.  Each  system  contains  the  following  electroformed  compo- 
nents: 

• One  rate-sensor  pickoff 

• One  integrated  circuit  (IC) 

• One  set  of  through- rate  resistors 

• One  set  of  feedback  resistors 

Two  of  the  nonelectroformed  components  were  calibrated.  They  are: 

• PID  valve  assembly 

• Flow- control  valve 

RATE  SENSORS 

Three  lots  of  rate-sensor  pickoffs  were  rejected  based  on  visual  in- 
spection prior  to  testing.  The  entire  lots  were  rejected  even  though 
some  of  the  sensors  appeared  to  be  satisfactory. 

Thin  plating  in  critical  areas  of  the  original.  Lot  A pickoffs  was  caused 
by  an  excessive  plating  current  density.  The  pickoff  was  plated  at 
twice  the  specified  current  density  due  to  some  error  in  following  the 
production  procedure  or  to  some  problem  with  the  production  setup. 
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Air-bubble- accumulations  on  Lot  B rate  sensors  occurred  in  the  sar^e 
critical  area  and  also  resulted  in  several  unsatisfactory  pickoffs. 


It 


Because  the  production  process  could  not  change  in  the  middle  of  the 
production  nan,  it  was  necessary  to  scrap  the  entire  two  lots,  revise 
the  process,  and  start  over.  Inst  name  ntation  was  recalibrated,  and 
plating  currents  were  set  more  accurately  to  ensure  that  the  excessive 
current  condition  would  not  occur  again.  The  procedure  was  also 
changed  to  include  a "flushing"  step  to  remove  bubbles  from  the  pick- 
off. 

The  revised  process  was  satisfactory  for  the  next  three  lots;  however, 
the  initial  problem  of  thin  plating  recurred  in  the  final  lot.  Test  data 
taken  during  the  second  attempt  to  plate  Lot  D indicated  that  the  plating 
anode  impedance  was  increasing  as  a function  of  time.  Only  1 volt  was 
required  to  obtain  the  0.6-amp  plating  current  at  the  start,  for  an 
effective  impedance  of  1.67  ohm.  This  impedance  had  increased  to 
3.  4 ohms  several  hours  later  and  was  up  to  6. 67  ohms  by  the  end  of 
the  day.  Voltage  and  current  were  monitored  only  during  working 
hours.  The  load-sensitive  power  supply  used  will  vary  plating  current 
as  the  impedance  changes  unless  it  is  readjusted. 

Plating  thickness  on  the  second  Lot  D was  satisfactory,  and  further 
investigations  into  the  plating  problem  were  not  undertaken.  Recom- 
mendations for  future  rate-sensor  manufacturing  runs  are  given  below. 

• Record  plating  current  (and  voltage  if  practical)  continu- 
ously during  the  48-hour  plating  period,  using  a slow-speed 
strip-chart  or  circular-chart  recorder.  This  will  show 
when  a potential  plating  problem  occurs  and  will  also  describe 
the  impedance  change  in  detail. 
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• The  anodes  used  in  this  program  were  too  large  for  plating 
five  pickoffs.  The  surface  area  of  the  anodes  should  be  com- 
parable to  the  surface  area  of  the  objects  being  plated.  When 
integrated  circuits  are  being  plated  (at  the  same  current 
density  as  pickoffs),  the  total  plating  current  is  higher  due  to 
the  greater  surface  area  on  the  integrated  circuits.  Because 
anode  current  density  is  higher,  a fresh  and  active  anode  sur- 
face with  a low  impedance  is  maintained.  The  anode  size 
should  be  approximately  the  same  surface  area  as  the  pickoffs 
being  plated  so  as  to  increase  the  anode  current  density. 

• A constant -current  power  supply  should  be  used. 

Any  combination  of  these  recommendations  is  expected  to  eliminate  this 
problem.  Satisfactory  pickoffs  have  been  fabricated  in  another  program 
using  a smaller  area  anode. 

In  the  four  properly  electroformed  lots,  only  two  rate  sensors  failed  to 
pass  the  component  test.  These  sensors.  Serial  Number  (SN)  1003 
from  Lot  A and  SN  1020  from  Lot  D,  both  had  low  dead-ended  and  flow- 
loaded  gains.  Visual  inspection  did  not  indicate  any  reason  for  the  low 
gain:  residual  wax  did  not  appear  to  be  a problem,  since  these  units 
were  recleaned  without  any  change  in  performance,  and  none  of  the 
other  sensors  required  a second  cleaning.  The  process  had  a 90-per- 
cent  yield  if  the  three  improperly  electroformed  lots  are  excluded. 

Rate  sensor  requirements  are  defined  in  Honeywell  Specification 
DS  24949-01  (USAAMRDL-TR- 76-42,  Appendix  B)  and  are  summarized 

below:^ 
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Dead-ended  gain:  0.0094  ± 0.001  psid/deg/sec 

Flow-loaded  gain:  0.005  ± 0.001  psid/deg/sec 

Flow-loaded  noise:  ± 1 deg/sec  2:  0.  Olpsid  peak-to-peak 

Linearity:  ± 10%  over  ± 50  deg/sec  range 

Null  Offset:  (Left  blank  in  Specification  pending  results  of 
this  program). 

The  rate-sensor  pickoffs  were  evaluated  using  the  component  test  sta- 
tion designed  in  Phase  I of  this  program  (see  USAAMRDL-TR-75-49, 
Reference  1,  for  drawings  and  details).  Major  test  station  components 
are  shown  in  Figure  5. 

Figure  6 is  a typical  data  sheet  for  a rate  sensor.  Table  2 gives  data 
for  all  rate  sensors.  Rate  sensor  SN  1003  was  rejected  because  of  low 
gain  (Figure  7);  however,  this  unit  would  probably  have  operated  satis- 
factorily in  a system.  Rate  sensor  SN  1020  had  a low  gain  and  was 
nonlinear,  as  shown  in  Figure  8.  This  sensor  is  a definite  reject  and 
probably  has  a noticeable  physical  internal  defect;  however,  dissecting 
sensors  without  destroying  the  defect  is  difficult. 

Four  sensors  have  marginally  acceptable  gains, as  shown  in  Table  2. 
Sensors  1010  and  1013  have  low  gains,  while  the  gains  of  sensors  1006 
and  1022  are  high.  The  accepted  quality  control  procedure  is  to  round 
off  the  data  to  the  same  number  of  significant  figures  as  the  specifica- 
tions requirement;  i.  e. , three  places  past  the  decimal.  Therefore, 
both  0.00375  and  0.00625  are  within  specification  limits.  The  noise 
level  of  0.012  psid  peak-to-peak  on  sensor  1024  is  also  acceptable. 
Later  system  calibrations  showed  that  systems  with  components  whose 
performances  were  nearly  out  of  specification  limits  were  as  easy  to 
calibrate  and  performed  as  well  as  systems  where  "nominal"  compo- 
nents were  used. 
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DEAD-ENDED  CHARACTERISTICS 


FLOW-LOADED  CHARACTERISTICS 


SUPPLY  PRESSURE:  100  PSID 
BACK  PRESSURE:  50  PSID 
FLOWRATE:  1 . 9 CIS 
FLUID  TEMPERATURE:  120°F 
DEAD-ENDED  OUTPUT  LEVEL:  14.12  PSID 
FLOW-LOADED  OUTPUT  LEVEL:  6.71  PSID 
RATE  SENSOR:  SN  1000 


Figure  6.  Rate-Sensor  Test  Data 


TABLE  2.  RATE-SENSOR  PERFORMANCE 


Rate  Sensor 
Serial  Number 

Dead-  Ended 
Gain 

(psid/deg/sec) 

Dead-  Ended 
Offset 
(deg/ sec) 

Flow- Loaded 
Gain 

(psid/deg/sec) 

F low-  Loaded 
Offset 
(psid) 

Flow- Loaded 
Noise 

(psid  Peak-to- Peak) 

Dead-  Ended 
Level 
(psid) 

! 'low- Loaded 
! • ■ • i 

(psid) 

1000 

0. 00945 

8.  3 CCW 

0.  00495 

32 . 0 CCW 

0. 0050 

14.  12 

6.  71 

1001 

0.00935 

13.  5 CW 

0. 00540 

10.0  CW 

0.  0080 

14.  14 

6.  95 

1002 

0. 00925 

32.  0 CW 

0. 00435 

7.5  CW 

0. 0050 

14.  12 

6.  86 

10031 

0.  00790 

32.  0 CW 

0.  00350 

17.  0 CW 

0.0070 

14.  00 

6.  42 

1004 

0.00960 

32.  0 CW 

0. 00540 

8.  0 CW 

0. 0050 

14.  21 

8.  44 

1005 

0.  00950 

17. 0 CW 

0. 00510 

15.  0 CCW 

0. 0075 

14.  01 

6.  36 

1006 

0.  00950 

18.  0 CW 

0. 006252 

6.  0 CW 

0.  0065 

14.  10 

6.  45 

1007 

0.  00850 

48.  0 CW 

0. 00550 

49.0  CW 

0. 0090 

14.  13 

7.  13 

1008 

0.  00940 

47. 0 CW 

0. 00500 

43.  0 CW 

0. 0100 

14.  06 

6.  53 

1009 

0. 00950 

40.  0 CW 

0. 00530 

21.0  CW 

0.  0080 

14.  11 

6.  68 

1010 

0.  00900 

17.  0 CW 

0. 003982 

28.0  CW 

0.  0095 

14.  11 

7.  35 

1011 

0.00920 

29.  0 CW 

0. 00515 

13.  0 CW 

0. 0080 

14.  16 

7.08 

1012 

0.  00940 

2.0  CCW 

0.00400 

24.  0 CW 

0.  0090 

24.  18 

7.  35 

1013 

0. 00910 

17.  0 CW 

0. 003752 

42.0  CW 

0.  0100 

14.  19 

7.  55 

1014 

0.  00960 

46.0  CW 

0.  00470 

25.  0 CW 

0.  0080 

14.  16 

6.  88 

10201 

0.00650 

14.  18 

7.  38 

1021 

0.  00905 

2.5  CW 

0.  00510 

11.  0 CCW 

0.  0080 

14.  14 

7.04  1 

1022 

0.00970 

15.  0 CW 

0.  006202 

4.5  CCW 

0. 0090 

14.  11 

6.  51 

1023 

0. 00820 

59.  0 CW 

0.  00455 

69.  5 CW 

0. 0100 

14.  15 

7.47 

1024 

0. 00925 

34.  0 CW 

0. 00515 

66.  0 CW 

0. 01202 

14.  15 

7.29 

831 

0. 00970 

23.  0 CCW 

o 

o 

o 

o 

10.0  CCW 

0. 0045 

14.  15 

1 2 

Roieeted-- Cause  not  determined.  Performance  marginallv  acceptable. 


FLOW-LOADED  CHARACTERISTICS 


DEAD-ENDED  OUTPUT  LEVEL:  14.18PSID 
FLOW-LOADED  OUTPUT  LEVEL:  7.38  PSID 


Figure  8.  Rate-Sensor  Serial  Number  1020  Test  Data. 
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INTEGRATED  CIRCUIT 


Four  lots  of  five  integrated  circuits  (amplifier -manifold)  were  elec- 
troformed  and  machined.  One  circuit  (IC  1010)  was  destroyed  due  to 
an  error  in  setup  during  the  machining  process,  but  this  error  is  not 
related  to  the  electro  forming  process  and  therefore  does  not  affect  the 
yield  calculations. 

Figures  9 through  14  show  typical  test  data  for  an  integrated  circuit. 
Each  figure  shows  a simplified  circuit  schematic  with  the  portion  drawn 
with  a heavier  line  representing  the  section  of  the  circuit  being  tested. 
Requirements  for  the  integrated  circuit  are  defined  in  Honeywell  speci- 
fication DS  24950-01  (USAAMRDL-TR-76-42,  Appendic  C,  Reference  2). 
Outputs  from  the  rate  sensor  and  the  PID  amplifiers  are  joined  together 
at  the  A Pj.  location;  therefore,  null  offset  and  noise  at  the  output  are 
the  combined  effects  of  these  two  amplifiers.  The  referenced  specifi- 
cation outlines  a method  for  establishing  the  range  and  the  null  of  each 
amplifier  when  they  are  summed  together.  Noise  is  measured  at  this 
common  output,  and  no  attempt  is  made  to  determine  which  amplifier 
is  the  greater  contributor.  The  requirements  for  and  the  performance 
of  a typical  rate-sensor  amplifier  are  listed  in  Table  3. 

TABLE  3.  RATE-SENSOR  AMPLIFIER  REQUIREMENTS  AND 


PERFORMANCE 


Parameter 

Requirements 

Performance  (SN  1008) 

Gain 

3.  9 ± 0 .5  psid/psid 

4.33  psid/psid 

Offset  (Output) 

0.  5 psid  max 

0.  25  psid 

Output  Linear 
Range 

± 1 psid  min 

± 1.  8 psid 

Input  Range 
before  Reversal 

± 0.  5 psid  min 

± 0.  7 psid 

Noise 

0.  03  psid  peak-to-peak 

0.  01  psid  peak-to-peak 

Linearity 

± 0. 15  psid  (over 
+1  psid  range) 

- 0. 06  psid 

28 


Figure  9.  Rate-Sensor  Amplifier  Performance. 


I 


29 


GAIN  = 14.29  PSID/PS ID 
(RANGE  IS  HIGH  - DATA  SUSPECT) 


+ 1.0 


AP1q  VERSUS  M>4  WITH  AP2 

NO  FEEDBACK 
LOT  A 
5/13/76 
1C  NO.  1008 
R22  1025 

R23  = 1023 

FLUID  TEMPERATURE:  120”F 
FLOW  RATE:  0.7  CIS 


Figure  11.  Through- Rate  Gain. 
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CASCADE  INPUT  (PSID) 


GAIN  = 57 
PSID/PSID 


AP,n  VERSUS  AP,  WITH  NO  FEEDBACK 
1U  o 

LOT  A 
5/13/76 
1C  NO.  1008 

PRESSURE  7-1  (PRESSURE  LEVEL 
AT  INPUT  SIDE  OF  Cl)  15.0  PSID 
PRESSURE  7-2  ((PRESSURE  LEVEL 
AT  OUTPUT  SIDE  OF  Cl)  3.74  PSID 
P4  3.83  PSID 

AP3  = 0.052  PSIO 
APfe  0.006  PSID 
FLUID  TEMPERATURE  120  F 
FLOW  RATE:  0.7  CiS 


Figure  12.  Output  Cascade  Characteristics 


Figure  14.  Output  Cascade  with  Feedback. 


The  gain  of  the  nominal  rate-sensor  amplifier,  shown  in  Figure  9,  is 
somewhat  higher  than  anticipated.  However,  resistors  R6  and  R7, 
shown  in  the  Figure  2 schematic,  can  reduce  effective  gain  to  compen- 
sate for  a high  gain  in  the  rate-sensor  amplifier.  Results  of  this  pro- 
gram indicate  that  the  specification  gain  requirements  should  be  changed 
to  4.3  ± 0.6  psid/psid.  Offset,  range,  and  noise  were  recorded  and 
tabulated  for  all  rate-sensor  amplifiers,  and  are  shown  in  Table  4. 

Range  and  linearity  were  all  well  within  specification  limits  and  were 
not  calculated  or  tabulated  for  most  circuits. 

PID  amplifier  requirements  are  identical  to  those  of  the  rate-sensor 
amplifier  except  that  the  gain  is  specified  to  be  3.  6 ± 0.  5 psid/psid. 
Figure  10  gives  the  test  results. 

Through- rate  gain  measurements  (as  shown  in  Figure  11)  are  a test  of 
the  electroformed  through- rate  resistors  (R22  and  R23,  Figure  7),  as 
well  as  the  output  cascade.  This  data  would  be  somewhat  more  signifi- 
cant if  the  output  amplifier  cascade  were  operating  with  normal  feed- 
back. The  specification  requirement  should  be  changed  to  7 ± 1.  0 psid/ 
psid  for  through- rate  gain  with  feedback.  Any  problem  with  the  output 
cascade  bias  resistors,  feedback  resistors,  or  through-rate  resistors 
would  show  up  in  this  single  test.  Present  specification  requirements 
for  testing  are  much  more  complex  than  those  required  to  eliminate  un- 
satisfactory units.  However,  the  additional  data  obtained  in  this  pro- 
gram showed  the  statistical  variations  of  numerous  characteristics 
throughout  the  circuit  and  helped  to  isolate  problem  areas. 

Output  cascade  characteristics  are  shown  in  Figure  12.  The  calculated 
gain  of  57  psid/psid  compares  favorably  with  the  specification  require- 
ments of  54  ± 11  psid/psid.  Offset  is  0.016  psid  at  the  input,  which  is 
well  within  specification  limits. 
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The  Figure  13  data  shows  that  the  summing  resistors  have  a gain  of 
about  0.  36  psid/psid  and  can  have,  a slight  effect  on  cascade  null. 
Feedback  reduces  the  gain  and  improves  the  null  as  shown  in  Figure  14. 

The  integrated  circuit  performances  of  all  units  fabricated  are  shown  in 
Table  4.  Circuit  differential  pressure  (column  three)  is  relatively 
constant,  although  it  is  high  for  IC  SN  1007  and  IC  SN  1016.  Gain  of 
the  output  cascade  is  low  on  IC  1007;  however,  the  performance  of  its 
rate  and  PID  amplifiers  is  consistent  with  that  of  other  circuits. 

Circuit  1007,  which  could  have  been  rejected  because  of  its  slightly 
low  gain,  proved  to  be  satisfactory  when  calibrated  in  a system. 

Circuit  1016  had  the  highest  circuit  differential  pressure,  and  test 
results  showed  that  its  output  cascade  had  a very  low  gain  and  a small 
output  range.  The  output  range  was  only  ±0.25  psid,  as  compared  to 
about  ±3  psid  for  a normal  amplifier,  indicating  that  one  or  more  of  t he 
output  amplifier  stages  had  its  power  supply  blocked.  This  blockage 
would  result  in  more  flow  to  the  PID  amplifier  and  would  show  up  as 
higher  than  normal  gain  and  range.  Tests  proved  this  to  be  the  case. 

Rate  amplifier  characteristics  (columns  4 through  6)  show  that  gain  is 
constant  within  about  ± 8 percent.  Null  offset  is  always  in  the  same 
direction,  indicating  some  basic  offset  in  the  mold.  Null  on  IC  1003 
was  slightly  above  specification  requirements;  however,  it  was  accept- 
ed pending  systems  calibration  results. 

PID  amplifier  data  (columns  7 and  8)  show  that  gain  varies  by  about  ±12 
percent.  Null  is  well  within  specification  limits  and  varies  in  both 
directions,  indicating  very  little  offset  in  the  PID  amplifier  mold. 
Through- rate  characteristics  are  shown  in  Columns  9 and  10.  IC  1004 
has  the  lowest  gain,  10.7  psid/psid,  which  is  somewhat  less  than 
would  be  expected  based  on  the  performance  of  the  output  cascade. 

Part  of  the  inconsistency  is  due  to  a data  acquisition  error.  Gain  is 
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determined  graphically  (see  Figure  12)  by  drawing  a "best  straight 
line"  through  the  gain  curve  and  by  counting  squares  to  determine  its 
slope.  It  would  be  desirable  to  expand  the  input  scale  by  a factor  of 
2 or  2.  5 to  reduce  this  slope;  however,  the  specific  X-Y  plotter  used 
in  this  program  could  only  expand  it  by  a factor  of  five,  which  would 
have  resulted  in  a loss  of  data  at  the  ends  of  the  curve. 

The  variation  in  this  parameter  indicated  a very  acceptable  ± 18-percent 
linearity,  even  with  this  data  acquisition  limitation.  Null  offset  is  some- 
what larger  than  anticipated,  but  there  were  no  indications  that  this  off- 
set caused  any  calibration  problems.  Both  gain  and  null  offset  read- 
ings on  through-rate  measurement  would  be  more  significant  if  the  out- 
put amplifier  were  operating  with  feedback  (as  previously  discussed). 

Open-loop  characteristics  of  the  two-stage  output  cascade  are  tabulated 
in  columns  11  through  13  of  Table  4.  With  the  exception  of  integrated 
circuit  1007,  the  gain  is  very  consistent  (±10%).  Errors  tend  to  com- 
pound in  a two-stage  cascade;  however,  this  cascade  gain  only  varies 
approximately  the  same  percentage  as  the  single-stage  rate-sensor 
amplifier  or  PID  amplifier.  Output  cascade  null  remained  well  within 
limits,  and  noise  was  about  one  order  of  magnitude  less  than  that 
allowed  in  the  specification. 

The  output  cascade  on  rejected  circuit  SN  1001  had  a gain  that  is  slightly 
low  and  nonlinear,  as  shown  in  Figure  15.  Interaction  regions  of  the 
output  cascade  were  removed,  and  the  receiver  section  was  inspected. 
The  output  amplifier  had  a curtain  caused  by  a crack  in  the  wax  mandrel. 
The  location  of  this  curtain  is  shown  in  Figure  15. 
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OUTPUT  AMPLIFIER 


1 


Figure  15.  Nonlinear  Output  Cascade. 
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Effects  of  input  resistors  and  feedback  resistors  on  the  output  cascade 
are  shown  in  columns  14  and  15  of  Table  4.  The  variation  in  the  gain 
measured  ahead  of  the  cascade  input  resistors  is  slightly  less  than 
±10  percent  and  is  about  the  same  percentage  as  that  of  the  output  cas- 
cade alone,  as  expected.  Feedback  reduces  this  gain  variation  to  less 
than  ±5  percent  (when  data  from  IC  1007  is  neglected). 

Columns  16  and  17  of  Table  4 show  the  pressure  levels  that  exist  on 
either  side  of  the  high-pass  bellows.  The  difference  between  these  pres- 
sures should  not  exceed  1 psid  to  maintain  the  high-pass  bellows  in  the 
center  of  their  linear  range.  Performance  was  better  than  that  re- 
quired for  the  pressure  drop  across  the  bellows  by  nearly  an  order  of 
magnitude;  therefore,  this  is  not  considered  a critical  parameter. 

Integrated  circuit  gain  remained  very  constant  from  unit  to  unit.  The 
most  important  measurement  is  the  gain  of  the  output  amplifier  net- 
work with  feedback.  This  varied  less  than ±5  percent.  PID  gain  and 
rate  gain  varied  about  ± 10  percent  each.  In  most  cases,  the  combined 
effects  of  these  gains  will  be  less  than  ± 10  percent,  requiring  a mini- 
mum of  system  adjustments. 

E LECT ROFORMED  RESISTORS 

Ten  electroformed  resistors  are  shown  in  the  Figure  2 schematic. 
Resistors  R27a,  R28a,  R29,  R30,  and  R31  are  all  electroformed  into 
the  integrated  circuit.  Testing  showed  that  the  R27a  and  the  R28a  are 
excellently  matched.  Bolt-on  feedback  resistors  R10  and  R1 1 were 
tested  on  the  integrated  circuit  by  operating  the  output  cascade  with  and 
without  feedback.  Feedback  reduced  the  gain  by  a factor  of  two  and  the 
gain  variation  from  about±10  percent  to  less  than  ±5  percent.  The 
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exceptional  performance  of  the  output  cascade  with  the  feedback  resis- 
tors indicates  that  they  are  accurate  to  ± 5 percent.  This  degree  of 
accuracy  is  excellent  when  each  electroformed  feedback  resistor  block 
contains  eleven  resistor  elements.  Through-rate  gain  measurements 
indicate  that  resistor  elements  R22  and  R23  are  relatively  consistent. 
Experience  in  this  program  indicates  that  the  electroformed  resistors 
are  more  consistent  (accurate  and  repeatable)  than  the  resistors  with 
the  drilled  or  punched  orifices  used  in  other  parts  of  the  circuit. 

PIP  VALVE  DATA 

PID  valves  are  nonelectroformed  components  and,  therefore,  were 
fabricated  in  a single  lot  rather  than  in  four  separate  lots.  However, 

PID  valves  were  tested  in  lots  after  they  were  mounted  in  the  housings. 

Gain  and  linearity  are  the  only  significant  parameters  defined  in 
Honeywell  specification  DS  25515-01  (USAAMRDL-TR-76 -42,  Appendix 
A).  As  specified,  the  gain  should  be  7.  8 ± 1. 2 psid/inch  of  spool  travel. 
Linearity,  defined  as  the  maximum  deviation  from  the  nominal  gain 
curve  over  the  ± 0.04-inch  operating  range,  is  required  to  be  better 
than  ± 0.06  psid.  Figure  16  is  a typical  gain  curve.  This  unit  is  satis- 
factory, since  the  maximum  deviation  is  only  0.  045  psid  at  0.  04  inch 
stroke,  which  is  less  than  the  tolerable  0.  06  psid.  The  gain  of  6.  71 
psid/inch  is  only  slightly  higher  than  the  minimum  limit  of  6.6  psid/inch. 
PID  data  for  all  controllers  is  summarized  in  Table  5. 

Thirty-one  valves  were  tested  to  obtain  twenty  satisfactory  controllers 
for  a 65 -percent  yield.  Inspection  of  the  rejected  units  showed  that 
some  had  slight  steps  in  their  sleeve  bores  and  all  had  poor  surface 
finishes  in  this  area.  Drawings  were  modified  to  require  a 16  micro- 
finish in  this  critical  area,  and  yield  should  be  greatly  improved  in 
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REQUIREMENTS: 

LINEARITY:  MAXIMUM  DEVIATION  = 0.06  PSID 
GAIN:  7.8  1 1.2  PSID/IN. 


Figure  16.  PID  Gain  Curve 


TABLE  5.  PID  PERFORMANCE  SUMMARY 


Controller 

SN 

Sleeve 

SN 

Gain 

psid/in. 

Linearity 

psid 

Comments 

1 

X 

6.750 

0.  113 

Rejected,  Step  in  sleeve  I.  D, 

1 

11 

6.  710 

0.045 

2 

20 

6.250 

0.  220 

Rejected.  Poor  linearity. 

2 

21 

5.  370 

0.043 

Rejected.  Low  gain,  poor 
inside  finish. 

2 

19 

9.200 

0.055 

3 

1 

7.  370 

0.  015 

4 

28 

8.  060 

0.045 

5 

18 

6.250 

0.087 

Rejected.  Poor  gain  and 
linearity. 

5 

30 

8.  960 

0.052 

6 

3 

7.  030 

0.  055 

7 

15 

7.656 

0.  025 

8 

27 

8.  060 

0.  032 

9 

37 

6.875 

0.  040 

10 

2 

6.  090 

0.020 

Rejected.  Low  gain. 

10 

33 

8.  375 

0.  030 

11 

32 

6.  880 

0.  050 

12 

23 

8.  740 

0.  075 

13 

13 

8.  120 

0.  100 

Rejected.  Linearity. 

13 

22 

8.  070 

0.  075 

14 

34 

6. 250 

0.  035 

Rejected.  Low  gain. 

14 

39 

7.  750 

0.  075 
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TABLE  5.  PID  PERFORMANCE  SUMMARY 
(CONCLUDED) 


Controller 

SN 

Sleeve 

SN 

Gain 

psid/in. 

Linearity 

psid 

Comments 

15 

8 

10.  00 

0.075 

Rejected. 

High  gain. 

15 

38 

7.  40 

0.  050 

16 

26 

8.  44 

0.050 

17 

6 

8.  13 

0.062 

18 

14 

7.  50 

0.075 

19 

41 

6.  25 

0.050 

Rejected. 

Low  gain. 

19 

40 

6.  41 

0.  026 

Rejected. 

Low  gain. 

19 

31 

6.  20 

0.  100 

Rejected. 

Low  gain. 

19 

43 

8.  59 

0.  050 

20 

36 

7.  59 

0.  068 
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any  future  production  run.  PID  gain  varied  from  unit  to  unit  by  ±15  per- 
cent even  after  rejecting  35  percent  of  the  units  tested.  This  variation 
was  the  greatest  variation  of  ail  components  in  the  system. 

FLOW-CONTROL  VALVE 

Commercially  available  flow-control  valves  were  used  in  this  system, 
and  they  were  calibrated  to  minimize  the  difference  in  flow  between 
one  system  and  another.  Figure  17  is  a sketch  of  the  flow-control 
valve.  Flow-control  valve  output  can  be  increased  by  adding  more  pre- 
load to  the  spring.  Each  0.  020-thick  washer  would  add  sufficient  pre- 
load to  increase  flow  by  about  0.  014  gpm.  This  method  proved  to  be 
more  satisfactory  than  attempting  to  increase  metering  orifice  area. 
Flow-control  valve  calibration  data  is  given  in  Table  6.  A sufficient 
number  of  valves  were  available  to  permit  selecting  only  those  with  a 
flow  of  0.  7 gpm±  1 percent.  This  rigid  control  of  system  flow  reduced 
the  number  of  variables  and  permitted  a more  accurate  evaluation  of 
the  electroformed  components.  A ±1 -percent  flow  valve  is  recom- 
mended for  future  systems  to  minimize  system  calibration  requirements 
and  to  improve  the  interchangeability  of  the  systems. 


10047182-101 
FLOW-CONTROL  VALVE 

Rl  TAINING  RING 


T0INCRLASL  FLOW.  PL ACC  WASHLRS 
IN L I T ORIFICE  BETWEEN  VAl  VI  HOUSING  AND  SPRING. 

A 0.020-INCH-THICK  WASHER  0.014  GPM 


Figure  17.  Flow-Control  Valve. 
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TABLE  6.  FLOW-CONTROL  VALVE  CALIBRATION  DATA 


Fluid  Temperature:  120  ± 5°F 
Spacer  Size:  0.  015  in. 

Pressure  Across  Valve;  400  pgid 


SN 

Meter 

Reading 

Flow 

(GPM) 

Quantity 
of  Spacers 

SN 

Meter 

Reading 

Flow 

(GPM) 

Quantity 
of  Spacers 

1 

60.  5 

0. 7187 

0 

25 

59.  5 

0.  7073 

0 

2 

61.  0 

0. 7244 

Drilled 

26 

65.  5 

0. 7784 

0 

Orifice 

27 

62.  5 

0. 7427 

0 

Larger 

28 

59.  0 

0. 7016 

0 

3 

60.  5 

0.  7187 

Drilled 

Orifice 

29 

68.  5 

0. 8140 

0 

Larger 

30 

58.  5 

0.  6958 

5 

4 

Damaged 

31 

58.  0 

0.  6901 

i 

5 

58.  0 

0.  6901 

6 

32 

67.  0 

0. 7962 

0 

6 

Damaged 

33 

59.  5 

0.  7073 

2 

7 

59.  0 

0.  7016 

0 

8 

62.0 

0. 7368 

0 

34 

59.  0 

0.  7016 

1 Spacer 

9 

60.  5 

0. 7187 

0 

Drilled 

10 

65.  0 

0. 7724 

0 

Orifice 

11 

59.  0 

0. 7016 

4 

35 

59.  0 

0.  7016 

4 

12 

58.  5 

0.  6958 

0 

36 

59.  0 

0.7016 

1 

13 

60.  5 

0.  7187 

0 

37 

59.  0 

0.  7016 

3 

14 

61.  0 

0.  7244 

0 

38 

58.  0 

0.  6901 

0 

15 

59.  0 

0. 7016 

4 

39 

59.  0 

0.  7016 

0 

16 

68.  5 

0. 8140 

0 

40 

60.  5 

0.7187 

0 

17 

58.  5 

0. 6958 

6 

41 

59.  5 

0. 7073 

0 

18 

60.0 

0. 7130 

0 

42 

59.  0 

0. 7016 

4 

19 

58.  0 

0. 6901 

2 

43 

59.  0 

0. 7016 

0 

20 

59.  0 

0. 7016 

2 

44 

58.  5 

0.  6958 

5 

21 

63.  5 

0.  7546 

0 

45 

61.  0 

0. 7244 

0 

22 

59.  0 

0. 7016 

5 

46 

59.  5 

0.  7073 

5 

23 

59.  5 

0. 7073 

0 

47 

59.  0 

0. 7016 

0 

24 

60.  0 

0. 7130 

0 

48 

59.  0 

0. 7016 

3 

49 

58.  5 

0. 6958 

3 
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SECTION  IV 

SENSOR/CONTROLLER  ASSEMBLY  AND  CALIBRATION 


SENSOR/CONTROLLER  ASSEMBLY 

Each  lot  of  components  was  tested,  and  then  the  components  were  ran- 
domly assembled  into  systems.  During  the  assembly  of  Lot  A,  the 
rejected  rate  sensor  and  rejected  integrated  circuit  were  replaced  with 
components  from  Lot  B.  The  missing  components  in  Lot  B were  re- 
placed with  components  from  Phase  II.  Table  7 lists  the  components 
used  in  the  assembled  systems.  Note  that  four  of  the  bolt-on  resistors 
in  Lot  B are  in  the  800  series  from  Phase  II  of  this  program:  the 
original  resistors  were  temporarily  misplaced  in  the  cleaning  process. 

Systems  were  proof  pressure  tested  to  900  psid  for  one  minute  before 
and  after  calibration.  Three  through- rate  resistors,  R23,  failed 
during  these  tests.  Two  failures  occurred  on  controller  9 and  one 
occurred  on  controller  6.  A minor  redesign  would  eliminate  the  sharp 
corners,  reducing  the  stress  concentration  and  resulting  in  increased 
plating  thickness  in  the  critical  areas. 

The  failed  resistors  were  SN  840,  1037,  and  1041.  Two  of  these  were 
fabricated  in  Phase  III.  Thirty-six  out  of  38,  or  94.7  percent,  of 
through-rate  resistors  were  satisfactory,  and  35  out  of  35,  or  100  per- 
cent, of  tested  feedback  resistors  were  satisfactory.  Overall  yield 
for  bolt-on  resistors  was  71  out  of  73,  or  97.3  percent. 

Integrated  circuit  SN  853  on  system  11  developed  a slight  leak  during 
proof  pressure  tests.  This  circuit  was  soldered,  retested,  and  then 
calibrated  without  further  problems.  This  is  not  taken  into  account  in 
yield  calculations  because  the  circuit  was  from  Phase  IT  and  because  it 
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TABLE  7.  CONFIGURATION  OF  ASSEMBLED  SYSTEMS 


was  repaired.  The  failed  electroformed  resistors  could  also  have  been 
repaired  if  they  were  needed.  Phase  II  components  were  repaired  and/ 
or  used  only  to  obtain  the  maximum  number  of  system  assemblies, 
since  no  other  provisions  for  "scrap"  were  made  in  this  program. 

None  of  the  failures  or  leaks  in  the  integrated  circuits  were  related  to 
bonding  problems.  The  revised  plating  process  developed  on  Phase  II 
produced  120  components  without  any  indication  of  marginal  adhesion. 

Another  assembly  problem  occurred  involving  capacitor  Cl  in  controller 
SN  2.  Null  offset  changes  were  traced  to  this  capacitor;  the  input  sig- 
nal ports  were  partially  blocked  by  part  of  the  capacitor  (Figure  18). 
Clearance  "C"  in  this  figure  was  less  than  0.  005  inch  because  of  a 
stackup  of  tolerances  and  because  the  grooves  in  the  covers  were 
slightly  too  deep.  Clearance  "C"  was  shimmed  to  0.  020  inch  during 
the  soldering  process.  This  step  was  not  included  in  the  production 
process  detail  submitted  earlier  in  this  program  and  will  not  be  neces- 
sary if  capacitor  covers  are  machined  within  specified  tolerances.  It 
is  recommended  that  drawing  No.  10050026  be  modified  to  require  a 
minimum  clearance  of  0.  015  inch  to  ensure  that  this  dimension  will  be 
inspected. 

Final  assembly  inspection  showed  that  the  mounting  hole  locations 
exceeded  YG1158  drawing  tolerances  on  some  controllers.  The  mount- 
ing hangar  and  mounting  bar  were  shifted  slightly  to  locate  these  holes 
properly.  Signal  ports  in  the  outlet  block  were  off  of  nominal  by  nearly 
0.030  inch  (all  controllers  were  out  of  limits).  These  controllers 
were  satisfactory  for  the  test  fixture  used  on  this  program,  but  the  out- 
let block  should  be  modified  if  they  are  to  be  used  with  the  Hydraulic 
Research  Model  30005000  servoactuator.  Honeywell  drawings  10050022 
(manifold,  amplifier)  and  10050024  (block,  outlet)  were  revised  to  pro- 
vide the  required  nominal  port  location.  It  will  be  necessary  to  modify 
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the  production  process  detail  on  the  amplifier  manifold,  10050022-11, 
to  be  compatible  with  the  revised  machining  process  defined  in  the 
drawing.  The  revised  machining  process  is  more  accurate  in  control- 
ling the  effective  thickness  of  this  manifold  (integrated  circuit)  to  mini- 
mize the  stackup  of  folerances  on  the  outlet  block  port  locations. 

The  yields  of  the  electroform  process  are  summarized  in  Table  8. 
These  calculations  do  not  include  the  integrated  circuit  that  was  im- 
properly machined  or  the  three  rejected  lots  of  rate-sensor  pickoffs. 
Because  it  was  necessary  to  change  the  process  to  get  satisfactory 
sensors,  the  "official"  start  of  pickoff  electroforming  occurred  after 
the  two  lots  were  rejected.  The  third  lot  of  unsatisfactory  pickoffs, 
which  was  rejected  before  machining,  was  also  not  included  in  the 
yield  calculations.  If  this  lot  were  included,  the  overall  yield  would  be 
reduced  from  94.(5  percent  to  90.  6 percent.  Proper  control  of  the 
plating  current  should  eliminate  the  pickoff  problem,  although  it  is 
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TABLE  8.  COMPONENT  YIELD  SUMMARY 


1 


Electroformed  Components 

Component 

Number  Fabricated 
and  Tested 

Number 

Satisfactory 

Yield 

(Percent) 

Rate  Sensor 

20 

18 

90.  0 

Integrated  Circuit 

19 

17 

89.  5 

Through-rate  Resistors 

38 

36 

94.  7 

Feedback  Resistors 

35 

35 

100.  0 

Total 

112 

106 

94.  6 

Nonelectroformed  Components 

Lag  Capacitors 

19 

19 

100.  0 

High-pass  Capacitors 

39 

38 

97.  4 

Housings 

19 

19 

100.  0 

PID  Valves 

31 

20 

64.  5 

estimated  that  random  rejections  will  occur  throughout  production. 
Yield  is  expected  to  remain  at  about  95  percent  until  a representative 
group  of  rejects  is  analyzed  and  process  modifications  are  incorpor- 
ated. 

The  yields  of  several  nonelectro  formed  components  are  also  given  in 
Table  8.  This  data  confirms  the  need  for  improved  PID  valve  per- 
formance. A revised  PID  sleeve  drawing  that  specifies  interior 
surface  finishes  should  improve  the  yield  to  90  percent  or  better. 
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After  assembly,  all  controllers  were  calibrated  at  a fluid  temperature 
of  120°F.  The  modifications  or  adjustments  required  to  obtain  the 
specified  responses  were  recorded  on  a calibration  data  sheet  for  each 
controller.  Complete  frequency  response  data  was  obtained  for  both 
rate  input  and  PID  input.  Table  9 lists  the  hardware  adjustments  and 
changes.  Nearly  one-third  of  the  systems  met  system  requirements 
without  any  adjustments.  The  significance  of  the  adjustments  made  can 
be  understood  by  observing  the  resistor  locations  in  Figure  2.  R27b 
and  R28b  are  in  series  with  the  0.  015  x 0.  015-inch  electroformed  bias 
restrictors.  Note  that  these  orifices,  which  are  used  to  null  system 
output,  have  a much  larger  area  than  the  electroformed  resistors  and 
have  only  small  effects  on  the  differential  pressures  ahead  of  R8  and 
R9.  The  smallest  orifice  has  the  greatest  effect,  about  0.  15  psid  at 
this  bias  location. 

The  addition  of  orifices  in  leg  "c"  of  feedback  resistors  RIO  and  Rll  in- 
creased the  amount  of  feedback  and  therefore  reduced  the  output  cas- 
cade gain.  The  greatest  gain  reduction  was  applied  to  controller  SN  8, 
where  the  0.  018-inch-diameter  resistors  reduced  the  gain  about  40  per- 
cent. Resistors  in  leg  "a"  or  leg  "b"  of  feedback  resistors  H10  and 
Rll  reduced  the  amount  of  feedback  and  therefore  increased  output 
amplifier  gain.  Gain  was  increased  by  about  15  percent  when  a matched 
pair  of  0.  011 -inch-diameter  resistors  were  placed  in  the  two  "a"  loca- 
tions. Resistors  6 and  7 at  the  output  of  amplifier  A^  reduced  the  sys- 
tem rate  gain  without  reducing  PID  gain,  and  removing  these  resistors 
increased  rate  gain  by  about  15  percent.  Resistor  pair  R14  and  HI 5 
tended  to  reduce  PID  gain  slightly  and  increase  the  effective  output 
impedance  of  the  PID  valve.  Reducing  their  sizes  from  0.  02G  inch,  in 
the  case  of  controller  5, or  removing  them  entirely, as  in  the  case  of  con- 
troller 18,had  an  effect  of  about  ±20  percent.  An  0.085-inch-thick  PID 
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TABLE  9.  REQUIRED  CHANGES  FOR  CALIBRATION 


standard  per  l igure 


plate  shim  increased  PID  gain  about  50  percent.  It  was  necessary  to 
add  bias  restrictors  at  the  output  of  the  rate  sensor  to  null  system 
outputs  on  controllers  2 and  15.  Both  resistors  were  placed  on  the 
left  side,  shifting  rate-sensor  output  by  80  to  100  degrees  per  second 
in  the  counterclockwise  direction.  This  shift  was  necessary  to  make 
the  rate-sensor  amplifier  operate  in  its  linear  range.  Controller  8 
received  an  additional  rate- sensor  coupling  element  to  reduce  system 
noise.  The  stackup  of  tolerances  in  this  case  required  that  35  coupling 
elements  be  used  to  tightly  fill  the  sensor  cavity  (all  other  systems 
used  34  elements). 

The  performances  of  the  calibrated  systems  are  summarized  in  Table 
10.  All  controllers  met  requirements  of  gain,  response,  and  noise 
with  fluid  temperature  at  120°F.  Also,  one  controller  from  each  lot 
was  tested  (gain,  noise,  response)  with  fluid  temperatures  from  80°to 
180°F.  System  rate  gain  as  a function  of  fluid  temperature  is  shown  in 
Figure  19.  Controller  7 was  calibrated  with  a higher  rate  gain,  and 
this  difference  is  even  more  noticeable  at  the  higher  fluid  temperatures. 
Performance  was  similar  for  all  controllers.  PID  gain  as  a function 
of  fluid  temperature  is  shown  in  Figure  20.  Controllers  1 and  16  have 
similar  patterns  of  PID  gain  as  a function  of  fluid  temperature,  while 
controllers  7 and  14  have  slightly  different  patterns;  however,  they  all 
remain  within  a relatively  narrow  band. 


f 


■ 


Figure  19. 


Rate  Gain  as  a Function  of  Fluid  Temperature. 
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Figure  20.  System  PID  Gain  as  a Function  of  Fluid  Temperature 


SECTION  V 
DATA  ANALYSIS 


A report  on  the  complete  statistical  analysis  of  all  components  electro- 
formed  in  this  phase  is  presented  in  Appendix  B.  This  report  is  re- 
produced in  its  entirety,  including  conclusions  and  recommendations. 
These  recommendations  are  combined  with  other  system  considera- 
tions, and  the  recommendations  that  resulted  are  presented  in  this 
section. 

The  initial  yields  of  rate  sensors  and  integrated  circuits  will  be  about 
90  percent  when  the  Appendix  B recommendations  are  implemented.  It 
is  reasonable  to  assume  that  yields  will  improve  substantially  with  pro- 
duction experience  to  a level  of  95  percent  or  better  on  these  two 
components.  Eliminating  the  previously  discussed  mechanical  weak- 
nesses in  the  through-rate  resistors  should  result  in  a nearly  100- 
percent  yield  on  these  devices.  Recommendations  for  changes  in  the 
integrated  circuit  specification  are  summarized  in  Table  11.  Rate- 
sensor amplifier  and  PID  amplifier  requirements  in  this  table  are 
essentially  the  same  as  those  recommended  in  the  statistical  analysis 
(Appendix  B).  Present  output  cascade  requirements  define  the  per- 
formance of  each  component  in  this  complex  circuit.  However,  the 
recommended  requirement  specifies  the  cumulative  effect  of  perform- 
ance variations  in  bias  resistors,  amplifiers,  through-rate  resistors, 
and  feedback  resistors.  This  simplification  in  the  requirements 
minimizes  the  amount  of  testing.  Complete  testing  of  the  rejected 
units  in  accordance  with  the  existing  specification  would  be  required  to 
determine  which  component(s)  caused  the  circuit  to  be  out  of  limits. 

The  rate  sensor's  performance  when  flow-loaded  is  typical  of  its  oper- 
ation in  a system,  whereas  its  dead-ended  performance  data  is  only 


57 


TABLL  1 1.  RECOMMENDED  INTEGRATED  CIRCUIT  REQUIREMENTS 


Circuit 

Parameter 

Present 

Requirement 

Recommended 

Requirement 

Rate  Sensor 

Null  (aP5) 

±0. 5 psid 

±0.  5 psid 

Range 

±1.  0 psid 

±1.  0 psid 

Reversal  (input  required) 

±0. 5 psid 

±0.  5 psid 

Gain 

3.  9 ±0. 5 

4.  3 ±0.  6 

Noise 

0.  03  psid  max. 

0.  03  psid  max. 

Linearity 

±0.  15  psid 

±0.  15  psid 

Pressure  Level  7-1 
(at  input  side  of  Cl) 

5. 0 ±1.  0 psid 

5.  8 ±1.0  psid 

PID  Amplifier 

Null  (&P5) 

±0. 5 psid 

±0.  5 psid 

Range 

±1. 0 psid 

±1.  0 psid 

Gain 

3. 6 ±0. 5 

3.  3 ±0.  5 

Linearity 

±0.  15  psid 

±0.  15  psid 

Output  Cascade 

Null  ( APg) 

0.  06  psid  max. 

None 

Null  (AP4)  (no  feedback) 

0.  10  psid  max. 

None 

Null  (AP4)  (feedback) 

None 

±0.  2 psid  max. 

Range  (AP3  input) 

±2. 5 psid 

None 

Range  (AP4  input) 

±1. 0 psid 

±1.  0 psid 

Gain  (A  P1q/A  Pg) 

54  i 11 

None 

Gain  (A  Pjq/ A P^ ) (no  feedback) 

11  ± 1.  8 

None 

Gain  (A  Pjq/ A P^)  (feedback) 

None 

7 ± 1 

Gain  (A  Pjq/ A P3)  (no  feedback) 

19  ± 4 

None 

Gain  (A  P,  q/A  P3)  (feedback ) 

9.2  ±1.4 

None 

Noise 

0.  4 psid  max. 

0.  4 psid  max. 

Linearity  (AP3) 

±0.  3 psid  max. 

None 

Linearity  (AP4)  (no  feedback) 

±0.  15  psid  max. 

None 

Linearity  (AP4)  (feedback) 

None 

±0.  15  psid  max. 

Pressure  level  P7-2 
(at  output  side  of  C 1 ) 

5.0  t 1.0  psid 

5.  8 ± 1. 0 

L 
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supplemental  information  indicating  potential  causes  for  unusual  flow- 
loaded  performance.  Once  the  sensor  is  set  up  in  the  test  fixture,  the 
dead-ended  data  can  be  obtained  with  a minimum  of  extra  effort.  It  is 
recommended  that  the  dead-ended  gain  requirement  be  retained  for  the 
present  time,  but  its  tolerance  should  be  increased  from  ± 0.  001  to 
± 0.002  psid/deg/sec.  The  narrow  confidence  interval  for  the  dead- 
ended  gain  should  tend  to  encourage  the  detection  of  minor  changes  in 
the  electroforming  process  before  they  become  gross  enough  to  reduce 
yield.  Any  sensor  that  fails  to  pass  dead-ended  gain  requirements  will 
probably  also  be  considerably  outside  of  the  flow- loaded  limits. 

Recommended  rate  sensor  specification  changes  are: 

Dead-ended  gain:  Change  from  0.0090  ± 0.0010  psid/ deg / sec 

to  0.  0090  ± 0.  0020  psid/deg/sec 

Flow-loaded  gain:  Change  from  0.0050  1 0.0010  psid/deg/sec 

to  0.  0050  ± 0. 0015  psid/deg / sec 

Flow-loaded  null  offset:  Add  1 75  deg/sec 
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SECTION  VI 

PUQDLITIQ^  CQ&£J^11MATK 


GENERAL 

This  section  presents  an  estimate  of  the  costs  to  qualify  and  manufac- 
ture quantities  of  the  OH-58  HYSAS  sensor/controller  package  develop- 
ed in  this  program. 

The  costs  presented  below  are  in  1976  dollars.  In  addition,  advance- 
ment in  the  technology  and  expected  improvements  in  production  tech- 
niques are  expected  to  reduce  manufacturing  costs  in  the  future. 


RECURRING  COSTS 

Quantities 
50  1000 

Units  per  Month  5 20 

Cost  per  unit  (1976  dollars)  4900  2900 


NONRECURRING  COSTS 


The  recurring  costs  assume  that  the  units  are  fabricated  using  the  pilot 
production  line  established  in  this  program:  the  ECW  line  plus  test  equip- 
ment (see  USAAMRDL-TR-75-49).1  With  this  assumption,  the  following 
represent  the  projected  additional  nonrecurring  costs  for  either 
quantity. 


Non-ECW  Tooling  and  Production  Start-Up 
Qualification 


TOTAL 


$28, 600 

$60,  200 
$88, 800 
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CONCLUSIONS  AND  RECOMMENDATIONS 


r 


i; 

s 

CONCLUSIONS 



• Electroformed  components  can  be  fabricated  in  large  quantities 
with  high  degrees  of  repeatability  and  with  initial  yields  of  90  per- 
cent for  complex  circuits  and  nearly  100  percent  for  simple 
devices,  such  as  feedback- resistor  networks.  With  normal  pro- 
cess refinements  and  operator  skill  improvements,  yields  should 
increase  to  more  than  95  percent  for  complex  devices. 

• The  ECW  process  in  conjunction  with  existing  conventional  pro- 
cesses is  suitable  for  quantity  production  of  fluidic  systems. 

HKCOMMKN  DATIONS 

• Modify  the  rate  sensor  and  integrated  circuit  specifications  in 
accordance  with  the  recommendations  in  Section  V,  Data  Analysis. 

• Conduct  tests  on  all  components  produced,  but  simplify  the 
integrated  circuit  tests  as  recommended  in  Section  V. 

• Perform  detailed  integrated  circuit  tests  (as  defined  in  the  present 
specification)  on  a small  sample  of  production  hardware  and  on  all 
units  that  fail  to  meet  the  revised  specification.  Conduct  failure 
analyses  on  all  rejects  to  exactly  determine  causes  of  malfunctions. 

• Electroform  all  resistors  into  the  integrated  circuits.  Consistency 
of  electroformed  resistors  is  better  than  that  of  punched  or 
machined  resistors. 
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Add  gain  and  null  adjustments  to  simplify  calibration,  but  with 
limited  authority.  Sufficient  range  should  be  provided  to  calibrate 
about  95  percent  of  the  systems  without  the  addition  of  replaceable 
resistors. 

Use  a plating  anode  area  equal  to  that  of  the  surface  being  plated, 
especially  when  plating  pickoffs.  Use  a constant- current  power 
supply  and  monitor  voltage  with  a strip-chart  recorder  during  the 
entire  process. 
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TABLE  A-l.  CONTRACTOR  DRAWINGS 


[X>cuiii'  nt  Number 

Sheet 

Number 

Rev.  l.tr 
Emms 
Symbol 

Nomenclature 

YCJ 1 158A 

2 

B 

Hydrofluidic  Yaw  Damper  System 

C 13"  8MAA01 

A 

Schematic  Diagram 

10040030 

I) 

Coupling.  Element 

1 004  02  50 

C 

Spool 

100402 SI 

I) 

Sleeve 

10040702 

B 

Pin 

10040703 

B 

Sleeve 

10047080 

A 

Orifice 

10047171 

A 

Bellows 

10047181 

C 

Bellows 

10047 182 

A 

Valve 

10047183 

A 

Cable 

10047435 

F 

Lock,  Lever 

10047438 

13 

PIliK 

10047440 

D 

Pin,  Spool  Link 

1004744  1 

E 

Pin.  Spool  End 

10047443 

C 

Arm.  Spool  Adv 

10047444 

B 

Bracket.  Support 

1004 00  Hi 

A 

Bellows 

10040197 

A 

Bearing 

10049198 

C 

Clevis 

10049200 

C 

Bar.  Mounting 

10049202 

B 

Spring 

10049570 

B 

Guide 

10050019 

C 

Insert 

10050020 

A 

Manifold  Assy 

10050021 

F 

Plate,  Manifold 

10050022 

3 

E 

Manifold,  Amplifier 

10050023 

F 

Base.  Plate.  Resistor 

10050024 

E 

Block,  Outlet 

10050025 

2 

M 

Housing.  Controller 

10050026 

B 

Bellow  Assy 

10050027 

D 

Cover.  Capacitor 

10050028 

I) 

Cover.  Capacitor 

10050029 

D 

Cover.  Capacitor 

10050030 

A 

Bellow  Assy 

10050031 

C 

Cap,  Filter 

10050032 

11 

Bracket.  Null  Adjust 

10050036 

I) 

Cover  VRS  Bottom 

10050037 

I) 

Cover.  Blank 

10050038 

A 

Hanger,  Mounting 

10050039 

A 

Bracket.  Cable 

10050040 

Plate.  Pivot 

10052137 

A 

Cover.  VRS  Top 

10056117 

Insert 

10058162 

Pick  Off  Ass\ 

10058163 

Shim 

10058164 

Screw.  Shoulder 

10058165 

Cavity.  Resistor 

10058166 

Cavity,  Resistor 

10058167 

Plate,  Identification 

TABLE  A- 2.  GOVERNMENT  SPECIFICATIONS  AND  STANDARDS 


Drawings 

Steel 

Chem  Conversion 
Anodic  Coatings 
Plate  Identification 
Sealing 

Nut,  Self  Locking  Clinch 
Aluminum 


Drawing  Practices 
Bolt 

Plug  and  Bleeder 
Pin.  Straight 
Insert,  Helical 
Screw 

Packing  Preform 
Insert 


TABLE  A-3.  INDUSTRIAL  SPECIFICATIONS 


Document  Number 


Rev.  t.tr. 
Issue 
Symbol 


NAS662 

NAS12H1 


Spacer.  Screw  and  Bolt 
Screw 

Nut.  Self  Locking 
Screw.  Cap 
Adhesive 
Adhesives 

Fluidic  Hardware  Fabrication  by  Electroforming 
Yaw  Axis  Hydrofluidlc  Stability  Augmentation  Sys 
Hydraulic  Vortex  Rate  Sensor  Pickoff  ' 

Hydraulic  Integrated  Amplifier  Manifold  Circuit 
Pedal  Input  Device 


APPENDIX  B 

ENGINEERING  TEST  REPORT 

BACKGROUND 

Twenty  systems  were  required  to  build  four  groups  during  Phase 

III  of  this  program.  These  systems  were  tested  to  determine  the  produci- 

bility  of  the  system  and  the  attainability  of  the  specifications. 

CONCLUSIONS 

The  95-percent  confidence  interval  of  the  dead-ended  rate  sensor's  gain 
was  0.00905  ± 0.00159  psid/deg/ sec. 

The  rate  sensor's  dead-ended  gain  appears  to  be  more  sensitive  to  varia- 
tion than  the  flow-loaded  gain;  therefore,  measurement  of  this  param- 
eter should  be  continued. 

The  95-percent  confidence  interval  of  the  flow-loaded  rate  sensor's  gain 
was  0.  00485  ± 0.  00209  psid/ deg/sec.  In  production,  this  may  be  a 
yield-limiting  parameter. 

The  95-percent  confidence  interva'  of  the  null  offset  was  20.4  ±55.  1 
deg/sec. 

The  95-percent  confidence  interval  of  the  output  cascade, A Pj^/AP^, 
was  52.5  ±12.  7 psid/psid.  This  indicates  that  the  limits  of  54  ±11 
psid/psid  are  probably  too  tight. 

The  noise  in  the  output  cascade  alone  is  well  below  specification  levels, 
and  no  problem  is  expected  from  this  source. 
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The  95-percent  confidence  interval  for  the  output  cascade  AP^/APg  is 
19.6  ±2.8  psid/psid.  This  should  give  a yield  greater  than  95  percent 
with  the  present  specification. 

The  95-percent  confidence  interval  for  the  output  cascade  AP^q/AP^ 
with  feedback  is  9.96  ±0.76  psid/psid,  which  is  well  within  the  specifi- 
cation limits  of  9.2  ±1.4  psid/psid. 

The  95 -percent  confidence  interval  for  the  output  cascade  AP^q/AP^  is 
13.  7 ±2.  8 psid/psid.  This  would  cause  a high  rejection  rate  based  on 
the  present  specification. 

The  95 -percent  confidence  interval  for  the  null  offset  of  AP^  input  is 
-0.  147  ±0.  188  psid. 


The  95-percent  confidence  interval  for  rate  amplifier  gain  is  4.  32 
±0.  34  psid/psid.  This  is  out  of  the  specification  3.  4 ±0.  5 psid/psid. 


The  95-percent  confidence  interval  for  the  rate  amplifier  null  offset 
is  0.29  ±0. 26  psid. 

The  95 -percent  confidence  interval  for  the  PID  amplifier  gain  is  3.  30 
±0. 45  psid / psid. 

The  95 -percent  confidence  interval  for  the  PID  amplifier  null  offset  is 
0.  01  ±0.  40  psid. 

As  will  be  discussed  in  some  detail,  this  phase  of  the  producibility  study 
indicates  that  an  overall  yield  of  80  to  85  percent  may  be  expected. 
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RECOMMENDATIONS 


Modify  the  specification  for  the  dead-ended  gain  of  the  rate  sensor  from 
0.  0094  ±0.  0010  psid/deg  /sec  to  0.  0090  ±0.  0013  psid/deg/ sec. 

Keep  the  specification  for  the  flow-loaded  gain  of  the  rate  sensor  at 
0.0050  ±0.0015  psid/deg/sec. 

Measure  both  the  dead-ended  gain  and  the  flow-loaded  gain. 

Set  the  specification  for  the  flow-loaded  null  offset  at  ±75  deg/sec. 

Modify  the  specification  for  the  output  cascade  AP^/APg  from  54  ±11  to 
53  ±13  psid/psid. 

Retain  the  specification  for  noise  in  the  output  cascade  at  its  present 
level  of  0.  4 psid  maximum. 

Retain  the  specification  for  the  output  cascade  AP^q/AP^  no  feedback  at 
19  ±4  psid/psid. 

Modify  the  specification  for  the  AP^q/AP^  output  cascade's  gain  with 
feedback  from  9.2  ±1.4  to  10.0  ±1.4  psid/psid. 

Modify  the  specification  for  the  AP^/AP^  output  cascade's  gain  no  feedback 
from  1 1.  0 ± 1.  8 to  13.  7 ± 3.  0 psid/ psid. 

Change  the  limit  for  AP^'s  null  input  no  feedback  from  ±0.  10  psid 
maximum  to  ±0.  4 nsid  maximum. 

Change  the  specification  for  the  rate  amplifier's  gain  from  3.  9 ±0.  5 to 
4.  3 ±0.  5 psid/psid. 
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Retain  the  specification  for  rate  amplifier  null  offset  at  ±0.  5 psid. 
Retain  the  specification  for  PID  amplifier  gain  at  3.6  ±0.  5 psid/psid. 
Retain  the  specification  for  PID  amplifier  null  offset  at  ±0.  5 psid. 


RUSULTS  AND  DISCUSSION 

Rate  sensor  performance  was  based  upon  the  dead-ended  gain,  the  flow- 
loaded  gain,  and  the  flow-loaded  null  offset. 

Rate  Sensor  Dead -Ended  Gain 

The  data  for  the  dead-ended  gain  is  shown  in  Table  B-l.  The  numbers 
above  the  horizontal  line  are  the  dead-ended  gain  individual  measure- 
ments of  the  20  sensors.  In  all  similar  tables  in  this  appendix, 
the  four  lots  are  labeled  A,  B,  C,  and  D,  and  the  individual  sensors  are 
labeled  1,  2,  3,  4,  and  5.  The  same  order  is  maintained  in  all  tables 
so  that,  where  more  than  one  measurement  is  made  on  a given  device, 
its  lot  and  number  are  the  same. 

In  Table  B-l  and  throughout  this  appendix  the  symbols  used  have  the 
following  significance. 

vx  represents  the  sum  of  individual  measurements.  At  the 
extreme  right  are  totals  referring  to  all  20  measurements.  Under 
the  individual  measurements,  the  sums  are  the  sum  of  the  column 
of  individual  (5)  measurements. 

x is  the  mean  of  the  individual  measurements  and  is  obtained  from 
the  expression  Tlx  /N,  where  N is  the  number  of  individual  mea- 
surements in  the  sum. 
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TABLE  B - 1 . RATE  SENSOR  DEAD-ENDED  GAIN  (103  X PSID/DEG/SE C) 


Lot 

T ota  l 

A 

B 

C 

D 

Sensor  1 

9.  45 

9.  50 

EH 

9.  05 

Sensor  2 

9.  35 

9.  50 

9.  70 

Sensor  3 

9.  25 

9.  50 

mi 

8.  20 

Sensor  4 

7.  90 

9.  40 

9.  10 

9.  25 

Sensor  5 

9.  60 

9.  50 

9.  60 

6.  50 

Ex. 

i 

45.  55 

46.  40 

46.  30 

42.  70 

180. 95 

X 

9.  11 

9.  28 

9.  26 

8.  54 

9.  05 

s2 

0.  474 

0.  192 

0.  058 

1.  597 

0.  584 

s 

0.  688 

0.  438 

0.  241 

1.  26 

0.  76 

95%  C.  I. 

±1.  91 

±1.  21 

±0.  67 

±3.  50 

±1.  59 

Interval 

7. 2 to  1 1. 0 

8.  1 to  10.5 

8. 6 to  10.0 

5.  0 to  12.  0 

7.  46  to  10.64 

2 

s is  the  variance  of  the  individual  measurements.  It  is  calculated 
from  the  equation: 

2 TjX-^  - (Sx.  )2  / N 


in  which  x.  is  an  individual  value  and  N = the  number  of  measure- 
ments. 

The  variance  is  indicative  of  the  shape  of  the  distribution  curve  for 
normal  (or  Gaussian)  distribution.  Although  the  number  of 
measurements  in  this  study  was  too  small  to  determine  whether  the 
data  follows  a normal  distribution,  normal  distribution  is  assumed 

9 

throughout  this  report.  The  symbol  s“  is  used  for  variance  rather 
2 

than  cr  since  this  is  a best  estimate  of  the  parameter,  calculated 
from  the  data,  rather  than  the  universal  constant,  which  would 
require  an  infinite  number  of  samples. 

i>9 
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j3  is  the  standard  deviation  calculated  for  the  system  (square  root 
of  the  above  variance). 


95%  C.  I.  is  the  95 -percent  confidence  interval  of  the  data.  This 
means  that,  if  a sample  were  drawn  at  random  from  the  universe 
represented  by  this  data,  there  is  a 95 -percent  probability  that  it 
would  be  within  these  limits.  It  is  calculated  from  the  equation: 


95%  C.  I. 


S' t0.  05 


in  which  s is  the  standard  deviation  and  t„  _e  is  the  Student  t value 

u.  Uo 

taken  from  tabular  data.  This  value,  t , allows  a correction  for 

sample  size.  If  an  infinitely  large  sample  were  used,  t^  would 

be  1.  96.  For  a sample  size  of  four,  the  value  of  t^  ^ is  3.  18. 

For  smaller  samples,  t increases  rapidly  such  that,  for  a sample 

size  of  2,  t„  n_  = 12. 71. 

0.  Ua 


The  interval  shown  is  the  actual  limits  of  the  95-percent  confidence 
interval  and  is  shown  for  convenience  only. 


To  determine  whether  the  variance  within  lots  was  significantly  less 

than  the  variance  between  lots,  a one-way  classification  was  used  to 

3 

calculate  the  variances.  ' 

These  calculations  were  made  as  follows: 

Correction  factor  = (Sx.F/N  = 1637.  1451 

Crude  lot  SS  = [(45.  55)2  +(46.  40)2  +(46.  30 )2  +(42.  70)2]/5  = 1638.  9485 

3 

C.  A.  Bennett  and  N.  I, . Franklin,  Statistical  Analysis  in  Chemistry 
and  the  Chemical  Industry.  New  York,  John  Wiley  and  Sons  Inc., 

1954,  pp  321-329. 


L 


70 


Total  SS  = Ex.^  - (EXji)2/N  = 1648.  2325-  1637.  1451  = 11.0874 
Lot  SS  = ET^/N  - (Ex.)2/N  = 1638.  9485  - 1637.  1451  = 1.  8034 
Within  Lot  SS  = 11.  0874-  1.  8034  = 9.  2840 

In  these  calculations: 

Ex^  = the  sum  of  all  20  data  points 
N = the  number  of  data  points 
SS  = the  sum  of  squares 

The  crude  lot  sum  of  squares  is  equal  to: 

E.  t.2/n 

in  which  T^  is  the  sum  of  the  values  for  the  five  samples  in  each  lot. 

Lot  SS  = Crude  Lot  SS  - correction  factor 
Total  SS  = Ex^  - (Ex.)2/N 

in  which  x-  is  an  individual  data  point. 

Within  Lot  SS  = Total  SS  - Lot  SS 

The  analysis  of  variance  is  summarized  in  Table  B-2. 
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TABLE  B-2 . RATE  SENSOR  DEAD-ENDED  GAIN  ANALYSIS 
OF  VARIANCE 


Source 

SS 

df 

MS 

Ratio 

Fo=0.  05 

Lot 

1.  8034 

3 

0. 6011 

1.  04 

3.  24 

Within  Lot 

9.2840 

16 

0. 5803 

Total 

11.0874 

19 

0. 5835 

The  analysis  of  variance  is  a method  of  separating  the  variance  from 
various  sources  and  testing  for  statistical  significance. 

The  headings  in  this  analysis  of  variance  table,  and  others  like  it,  are 
used  as  follows: 

SS  is  the  sum  of  squares  calculated  as  shown  above. 

jjf  is  the  degrees  of  freedom.  The  total  degrees  of  freedom  (19)  is 
N - 1 where  N = the  number  of  data  points.  The  lot-to-lot  degrees 
of  freedom  (3)  is  the  number  of  lots  minus  1.  The  degrees  of 
freedom  within  lots  (16)  is  the  difference  between  total  degress  of 
freedom  and  iot-to-lot  degrees  of  freedom. 

MS  is  the  mean  square  and  is  obtained  by  dividing  the  sum  of 
squares  by  the  degrees  of  freedom.  The  ratio  of  the  mean  squares 
(0.6011/0.5803  = 1.04)  is  used  to  determine  statistical  significance. 
This  ratio  is  compared  to  the  tabular  F value,  which  is  the  ratio 
required  at  a given  probability  level.  It  is  dependent  upon  the 
degrees  of  freedom  of  the  two  mean  squares.  Thus,  the  required 
ratio  for  significance  of  two  mean  squares  with  3 and  16  degrees 
of  freedom,  respectively,  is  3.24  at  a 95-percent  probability  level. 
When  the  ratio  of  mean  squares  is  larger  than  the  tabular  F value, 
there  is  a statistically  significant  indication  that  the  performance 
is  changing  from  lot  to  lot  at  the  confidence  interval  selected  (in  this 
case  95%). 
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From  Table  "B-2  it  is  seen  that  there  is  no  significant  difference  between 
lot- to- lot  variation  and  within- lot  variation  at  the  95-percent  proba- 
bility level.  This  means  that,  for  the  system,  ail  data  points  can  be 
combined  to  give  a standard  deviation  for  part-to-part  deviation. 

The  study  was  not  designed  to  separate  testing  error  from  process 
variability;  therefore,  the  standard  deviation  shown  includes  both 
testing  error  and  process  variability.  Data  on  replicate  testing  would 
be  required  to  separate  these  two  sources  of  variability. 

Throughout  this  report,  95-percent  probabilities  were  selected  to  deter- 
mine significance.  The  reason  this  level  was  selected  is  because  there 
are  two  types  of  errors  that  are  related.  An  error  of  the  first  kind 
(which  we  have  taken  at  95  percent)  involves  the  hypothesis  that  there  is 
a difference  when  no  actual  difference  exists.  An  error  of  the  second 
kind  involves  the  hypothesis  that  there  is  no  difference  when  a real 
difference  exists.  When  the  error  of  the  first  kind  has  a probability  of 
95  percent,  the  error  of  the  second  kind  has  a probability  of  90  percent. 
This  represents  a reasonable  balance  and  is  the  reason  the  95-percent 
probability  level  is  normally  selected. 

From  Table  B-l  it  is  seen  that,  in  drawing  a sample  from  the  universe 
represented  by  this  data,  there  is  a 95 -percent  probability  that  the 
dead-ended  gain  will  lie  between  0.00746  and  0.01064.  This  represents 
a range  of  ±17.6  percent  of  the  mean  value. 

Flow- Loaded  Gain 

The  data  for  flow-loaded  gain  is  shown  in  Table  B-3.  The  format  of 
this  table  is  the  same  as  that  used  in  Table  B-l. 


73 


TABLE  B-3.  RATE  SENSOR  FLOW-LOADED  GAIN 
(103  X PSID/DEG/SEC) 


L 

ot 

Total 

A 

B 

—a  ■ 

D 

Sensor  1 

4.  95 

5.  10 

5.  10 

Sensor  2 

5.40 

6.  25 

6.  20 

Sensor  3 

4.  35 

5.  50 

4.00 

4.  55 

Sensor  4 

3.50 

5.  00 

3.  75 

5.  15 

Sensor  5 

5.  40 

5.  30 

4.70 

3.  70 

Sx^ 

23.60 

27.  15 

21.  50 

24.  70 

96.  95 

X 

4.  72 

5.  43 

4.  30 

4.  94 

4.  85 

s2 

0.651 

0.  247 

0.  359 

0.  837 

0.615 

s 

0.81 

0.  50 

0.60 

0.  91 

0.  78 

95%  C.  I. 

±2.24 

±1.  38 

±1.66 

±2.  53 

i2.  09 

Interval 

2.  5 to 6.  9 

4.  0 to6.  8 

2.6  to  6.  0 

2.  4 to  7.  4 

2. 76  to  6.  94 

The  variances  between  Lots  and  within  lots  were  calculated  as  follows: 


Correction  Factor  = (Ex^)2/ N = 469.9651 

Crude  Lot  SS  = E.T.2/N  = [(23.  60)2  + (27.  15)2  + (21.  5)2  + (24.  7)2  ] /5 
= 473. 2845 

Total  SS:  Ex^  - (Ex.)2 /N  = 481.  6575  - 469.  9651  = 11.  6924 
Lot  SS  = ET.2/N-  (Ex.)2/N  = 473.  2845-  469.  9651  = 3.  3194 
Within  Lot  SS:  11.  6924  - 3.  3194  = 8.  3730 

The  analysis  of  variance  is  summarized  in  Table  B-4. 
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TABLE  B-4.  RATE  SENSOR  FLOW- LOADED  GAIN 
ANALYSIS  OF  VARIANCE 


Source 

SS 

df 

MS 

Ratio 

P 

II 

o 

o 

Cn 

Lot 

3. 3194 

3 

1. 1065 

2.  11 

3.  24 

Within  Lot 

8.  3730 

16 

0.  5233 

— 

Total 

11.  6924 

19 

0. 6154 

When  comparing  the  ratio  of  the  mean  squares  with  the  F value  for  3 
and  16  degrees  of  freedom,  it  is  seen  that,  at  the  65 -percent  confidence 
interval,  the  variance  between  lots  is  not  significantly  different  from  that 
within  lots.  As  previously  stated,  the  data  does  not  permit  the  separa- 
tion of  testing  error  from  sample-to-sample  variation. 

From  Table  B-3  it  is  seen  that,  if  a sample  is  drawn  from  the  universe 
represented  by  this  data,  there  is  a 65 -percent  probability  that  the 
flow-loaded  gain  would  be  between  0.00276  and  0.00664.  This  repre- 
sents a range  of  43  percent  of  the  mean  value.  There  is  a 60-percent 
probability  that  the  flow-loaded  gain  would  lie  within  a range  of  ±30 
percent.  This  indicates  that  with  the  present  specification  the  expected 
yield,  due  to  this  factor,  would  be  about  60  percent. 

Two  of  the  rate  sensors  were  considered  out  of  line,  both  on  the  basis 
of  the  dead-ended  gain  and  on  the  basis  of  the  flow-loaded  gain.  These 

two  (the  fourth  sample  in  Lot  A and  the  fifth  sample  in  Lot  D)  were  not  ] 

used  in  any  completed  device.  However,  they  were  included  in  the 
statistical  analysis  of  the  data,  because  there  was  no  indication  of 
abnormalities  that  would  have  justified  omitting  them.  With  these  two 

devices  omitted  from  the  data,  the  mean  and  65-percent  confidence  j 

intervals  would  have  been  0.00625  tO.  00038  (8.8  percent)  for  the  dead- 
ended  gain  and  0.00466  ±0.00070  (26.4  percent)  for  the  flow-loaded 
gain. 
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In  any  case,  the  flow-loaded  gain  shows  significantly  larger  variability 
than  the  dead-ended  gain. 


Flow -Loaded  Null  Offset 


The  data  for  the  flow-loaded  null  offset  of  the  rate  sensor  is  summa- 
rized in  Table  B-5.  Counterclockwise  adjustments  are  indicated  by 
minus  signs  in  this  table. 


TABLE  B-5.  RATE  SENSOR  FLOW-LOADED  NULL  OFFSET 
(DEGREES  PER  SECOND) 


— 

1 .ot 

Total 

A 

» 

C 

D 

Sensor  1 

-32.  0 

- 15 

+2  8 

-11.0 

Sensor  2 

+ 10.  0 

+6 

+ 13 

-4  5 

Sensor  3 

+7.  5 

+49 

-24 

+69.  5 

Sensor  4 

+ 17.  0 

+43 

+42 

+66.  0 

Sensor  5 

+8.  0 

+21 

+25 

+42.0 

£Xi 

— 
+10. 50 

104. 00 

84.  00 

162. 00 

408. 500 

X 

+2.  10 

+20.  80 

16.  80 

32.  40 

20. 420 

0 

s 

377. 80 

G97. 20 

626. 70 

1460. 68 

692. 165 

s 

19.  44 

26.  40 

25.  03 

38  22 

26. 310 

95%  C.  I. 

54.  00 

73.  30 

6'».  08 

10G.  10 

55. 070 

Interval 

-51 . 9 to  +56.  1 

-52.  4 to  04. 

-2.5  to  +55.  3 

-73.  7 to  »T38.  5 

-34.6  to  +75.  5 

The  variances  between  lots  and  within  lots  were  calculated  as  follows: 
Correction  Factor  = (£x^)2/N  = 8343.6125 

Crude  Lot  SS:  S^2/ N = [(10.  5)2  + (104)2  + (84)2  +(162)2]/5 

= 8845. 25 

Total  SS:  £x. 2 - (Sx^2 /N  = 21494.  75-  8343.  61  = 13151.  14 
Lot  SS:  EiT.2/N-(Sxi)2/N-  8845.25  - 8343.61  = 501.64 
Within  Lot  SS:  Total  SS- Lot  SS  = 13151.14-  501.64  = 12649.50 
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The  analysis  of  variance  is  summarized  in  Table  B-6. 


TABLE  B-6.  RATE  SENSOR  FLOW-LOADED  NULL  OFFSET 
ANALYSIS  OF  VARIANCE 


Source 

SS 

df 

MS 

Ratio 

pa=0.  05 

Lot 

501. 64 

3 

167.  21 

0.  21 

3.24 

Within  Lots 

12649. 50 

16 

790, 59 

— 

Total 

13151. 14 

19 

692. 16 

— 

There  is  no  significant  difference  between  lot-to-lot  variance  and 
within-lot  variance  at  the  95 -percent  confidence  interval. 

There  is  a wide  variability  in  the  null  offset.  The  95-percent  confidence 
interval  is  34.6  deg/sec  counterclockwise  to  75.5  deg/sec  clockwise, 
which  represents  270  percent  of  the  mean  value. 

To  summarize  the  data  for  the  hydrofluidic  vortex  rate  sensor:  The  data 
for  the  dead-ended  gain  may  not  be  normally  distributed,  although  the 
sample  size  is  too  small  to  evaluate  this  factor.  It  may  be  that  a single- 
tailed test  should  be  applied,  since  the  possible  value  may  reach  a 
maximum  value  at  about  9.  7,  which  appears  to  skew  the  curve  to  the 
left.  The  specification  of  0.  0094  ±0.  0010  psid /deg/sec  may  be  too  rigid  and 
could  result  in  a 60-percent  yield.  Because  all  of  the  parts  yielded  sys- 
tems that  could  be  calibrated,  the  yield  could  be  increased  to  90  percent 
by  changing  the  specification  to  0.  0090  ±0.  001  3 psid/deg/sec.  A further 
change  to  0.0090  ±0.0015  psid/deg/sec  would  result  in  approximately  a 95- 
percent  yield. 

The  data  on  the  flow-loaded  gain  is  significantly  more  variable  than  the 
data  on  the  dead-ended  gain.  Again,  the  specification  is  tight,  and  a 
yield  of  about  90  percent  would  be  expected  from  these  specifications. 

It  is  interesting  to  note  that,  using  the  current  specifications,  none  of 
the  20  rate  sensors  would  have  been  rejected  on  this  parameter.  A 


J 
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change  in  specification  to  0.0048  ±0.0021  psid/deg/sec  would  be  required  to 
obtain  a 95 -percent  probability  of  obtaining  an  acceptable  part.  How- 
ever, this  may  be  too  wide  a range  to  yield  systems  capable  of  being 
calibrated.  One  would  be  inclined  to  keep  the  specification  as  written 
for  this  parameter,  unless  further  evaluation  is  made  with  this  factor 
at  levels  of  0.0027  psid/deg/sec. 

The  flow-loaded  null  offset  varied  widely  from  a mean  value  of  20.  4 deg/ sec 
clockwise.  Because  this  does  not  appear  to  be  a problem,  the  limits 
should  probably  be  set  wide  enough  so  that  few  units  will  be  rejected  on 
this  basis.  The  95-percent  confidence  limits  are  20.4  ±55.1  deg/sec. 
Whether  future  builds  will  have  a mean  in  the  clockwise  direction  is 
unknown,  but  these  confidence  limits  are  probably  minimal.  One  could 
probably  get  by  with  limits  of  ±75  deg /sec. 

Output  Cascade  Gain 


The  data  for  the  output  cascade  gain  AP^g/APg  are  shown  in  Table  B-7. 
TABLE  B-7.  OUTPUT  CASCADE  GAIN  AP1Q/APg  (PSID/PSID) 


Lot 

A 

B 

C 

D 

7 otal 

Sensor  1 

55.  90 

58.06 

53.  19 

54.  59 

Sensor  2 

54.  54 

59.  17 

52.  63 

52.  63 

Sensor  3 

47.  14 

31.  31 

54.  94 

51.68 

Sensor  4 

47.  50 

53.  33 

53.  61 

54.  05 

Sensor  5 

57.  05 

50.  00 

56.  70 

— 

262.  13 

251.  87 

271.  07 

212. 85 

997. 92 

X 

52.  43 

50.37 

54.  21 

53.24 

52.  53 

s2 

22. 5316 

127.1895 

2. 6574 

1.7614 

36.  35 

s 

4.  75 

11.28 

1.  63 

1.  33 

6.02 

95%  C.  t. 

±13.2 

±31.  3 

±4.  5 

14.  2 

±12.  7 

Interval 

39.  2 to  65.  6 

19.  1 to  81.  7 

49.  7 to  58.  7 

49.  1 to  57.  3 

39.  8 to  65.  2 

The  variances  between  lots  and  within  lots  were  calculated  as  follows. 

(It  should  be  noted  that  a modified  calculation  was  made  for  determining 
the  crude  lot-to-lot  sum  of  squares.  This  was  required  due  to  the 
missing  value  in  Lot  D.  ) 
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Correction  Factor  = (Sx^)  /N  = 52412.85928 

Crude  Lot  SS:  S^T.2/^)  = (262.  13)2/5  + (251.  87)2/5  + (271.  07)2/5 

+ (212.  85)2  / 4 = 52452.  1964 

Total  SS;  Ex.2  - (Sx.)2/N  = 53066.  7318-  5412.  8593  = 653.  8725 
Lot  SS:  E.(T.2  /N.)  - (Ex.)2  /N  = 52452.  1964  - 52412.  8593  = 39.  337 1 
Within  Lot  SS:  Total  SS  - Lot  SS  = 653.  8527  - 39.  3371  = 614.  5354 


The  analysis  of  variance  is  summarized  in  Table  B-8. 

TABLE  B-8.  OUTPUT  CASCADE  GAIN  AP.n/AP. 

ANALYSIS  OF  VARIANCE  iU 


Source 

SS 

df 

MS 

Ratio 

Fo=0.  05 

Lot 

39. 3371 

3 

13. 1124 

0.32 

3.29 

Within  Lots 

614. 5354 

15 

40. 9690 

Total 

653. 8725 

18 

36. 3262 

The  fact  that  the  ratio  of  mean  squares  is  less  than  1 is  due  to  the 
extremely  low  value  in  Lot  B.  Thus,  obviously  there  is  no  significant 
difference  in  variance  between  lots  and  within  lots. 

In  the  analysis  of  variance,  several  basic  assumptions  are  made; 

• The  various  effects  are  additive. 

• The  experimental  errors  must  be  independent  of  the  main 
effects  and  interactions  and  of  each  other. 

• The  experimental  errors  must  have  a common  variance. 

• The  experimental  errors  must  be  randomly  and  normally 
distributed. 
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The  F ratio  is  expected  to  be  greater  than  1.  When  this  is  not  true,  as 
in  the  present  case,  one  is  led  to  suspect  that  the  model  chosen  is 
incorrect.  This  may  be  caused  by  failure  of  the  assumption  that  the 
experimental  error,  which  in  our  present  study  is  represented  by  within- 
lot  variation,  is  randomly  and  normally  distributed.  The  assumption 
might  fail  because  the  tests  were  not  made  in  random  order.  Any 
effects  of  chronological  sequence  would  increase  the  within-lot  estimate 
of  variance,  while  leaving  the  between-lot  estimate  unaffected.  This 
would  reduce  the  variance  ratio  and  might  account  for  the  low  F ratios 
calculated  in  this  case  and  in  several  other  cases  in  this  study. 

From  Table  B-7  it  is  seen  that  the  output  cascade  gain  is  52.5  ±12.  7 at 
the  95 -percent  confidence  interval.  Using  the  limits  set  in  the  specifi- 
cation, this  would  give  a yield  of  slightly  greater  than  90  percent 
Because  all  of  the  systems  were  capable  of  calibration,  this  specifica- 
tion is  probably  too  tight.  It  should  probably  be  changed  to  53  ±13, 
which  would  give  a yietd  slightly  greater  than  95  percent. 

Output  Cascade  Noise  Data 

The  output  cascade  noise  data  is  shown  in  Table  B-9. 

TABLE  B-9.  OUTPUT  CASCADE  NOISE  (PSID  X 103) 


Total 

A 

B 

c 

1) 

Sensor  1 

15.  0 

14 

3 

12 

Sensor  2 

50.  0 

14 

18 

... 

Sensor  3 

34.  5 

33 

14 

— 

Sensor  4 

3.  0 

41 

16 

... 

Sensor  5 

3.0 

30 

... 

... 

'’x. 

105.  5 

132.0 

51.0 

12 

300.  5 

X 

21.  1 

26.  4 

12.  8 

12 

20.  0 

s2 

426.  8 

144.  3 

44.  9 

— 

207.  4 

s 

20.  6 

12.  0 

6.  7 

... 

14.  4 

9fi"i  C.  I. 

57.2 

33.  3 

21.  3 

... 

30.  9 

Interval* 

0 too.  0783 

11  to  0.  05*17 

OtoO.  '1341 

... 

0 too.  050!' 

3 

Data  in  this  interval  is  not  multipled  by  10  . 
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The  variances  between  lots  and  within  lots  were  calculated  as  follows: 


Crude  Lot  SS  ^.(T^/N.)  = (105.  5)2 /5  + (132)2 /5  + (51)2 /4  = 6361.  1 

Correction  Factor  = (Ex^)2/N  = 6020.0167 

Total  SS:  Ex.2  - (Ex.)2/N  = 8924.  25-  6020.  0167  = 2904.  2333 

Lot  SS:  S (T (Ex.)2/N  = 6361.  1 - 6020.  0167  = 341.  0833 

Within  Lot  SS:  Total  SS-  Lot  SS  = 2904.  2333-  341.  0833  = 2563.  15 


The  analysis  of  variance  is  summarized  in  Table  B-10. 

TABLE  B-10.  OUTPUT  CASCADE  NOISE  ANALYSIS 
OF  VARIANCE 


Source 

SS 

df 

MS 

Ratio 

F 

a=o.  05 

Lot 

341. 0833 

2 

170. 5417 

0.  80 

3.  89 

Within  Lot 

2563. 1500 

12 

213.  5958 

— 

Total 

2904. 2333 

14 

207. 4400 

Examination  of  Table  B-10  shows  there  is  no  significant  difference  at 
the  95-percent  probability  level  between  the  variances  between  lots  and 
within  lots. 

The  95-percent  confidence  interval  for  noise  is  0.  0200  ±0.  0309,  as 
shown  in  Table  B-9.  Therefore,  as  the  specification  requirement  is 
that  the  noise  level  be  less  than  0.  4,  no  problems  are  expected  from 
this  factor.  This  specification  could  be  tightened  by  almost  a factor  of 
10  if  noise  near  the  specification  limit  is  a problem,  but  if  no  problems 
are  noted,  it  would  be  advisable  to  leave  the  specification  for  noise  as 
written,  and  expect  no  problems  in  meeting  it. 
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Gain  - Output  Cascade  AP^g/APg  Without  Feedback 


The  data  for  the  gain  of  the  output  cascade  ^P^g/^P 3 is  summarized 
in  Table  B-U. 

TABLE  B-ll.  GAIN  - OUTPUT  CASCADE  AP  /aP  WITHOUT 
FEEDBACK  (PSID/PSID) 


Lot 

Total 

A 

B 

C 

D 

Sensor  1 

19.  59 

20.  50 

19.  57 

US 

Sensor  2 

21.  18 

20.  80 

19.  07 

111  1 

Sensor  3 

17.41 

15.  99 

20.  75 

EES 

Sensor  4 

17.74 

19.52 

19.72 

20.20 

Sensor  5 

20.  34 

19.  31 

Id.  59 

Vx. 

96.26 

96.  12 

97.  70 

81. 52 

371.  60 

X 

19.25 

19.  22 

19.54 

20.  38 

19.  56 

2 

s 

2. 6736 

3.  6664 

0. 6552 

0.  1305 

1. 7835 

s 

1.  64 

1.  91 

0.  81 

0.  36 

1.33 

95%  C.  [. 

4.  5 

5.  3 

2.  2 

1.  1 

2.8 

Interval 

14.  7 to  23.  7 

1 3. 9 to  24. 5 

17.  3 to  21.  7 

19. 3 to  21. 5 

16.  8 to  22.  4 

The  variances  between  lots  and  within  lots  were  calculated  as  follows- 


Crude  Lot  SS  = T^T.2  /N.) 


(96.2 6)2  , (96. 12)2  . (97. 70)2 
5 + —5 + 5 


+ 


(81.  52)2 
4 


7271. 4440 


Correction  Factor  = (Ex^U/N  = 7267.7137 

Total  SS  = Ex.2  - (f!-x.)2/N  = 7299.  8162  - 7267.  7137  = .32.  1025 

Lot  SS  = E.  (T.2/N.)-  (Ex.)2/N  = 7271.  4440-  7267.  7137  = 3.  7303 

111  1 

Within  Lot  SS  = Total  SS  - Lot  SS  = 32.  1025-  3.  7303  = 28.  3722 


< malvsis  of  variance  is  summarized  in  Table  15-12. 
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TABLE  B-12.  GAIN-OUTPUT  CASCADE  AP  /AP 
ANALYSIS  OF  VARIANCE  1U  15 


Source 

SS 

df 

MS 

Ratio 

F 

a=0. 05 

Lot 

3.  7303 

3 

1.2434 

0.  66 

3.  29 

Within  Lot 

28.  3722 

15 

1.  8915 

— 

Total 

32. 1025 

18 

1.  7835 

There  is  one  exceptionally  low  value  (number  3 in  Lot  B)  that  probably 
accounts  for  a ratio  of  mean  squares  less  than  1.  Thus,  the  lot-to-Iot 
variance  is  not  significantly  different  from  the  within- lot  variance. 

A constant  ratio  is  expected  between  the  gain  measured  for  AP^g/APg 
and  that  measured  for  AP^q/AP^.  The  ratios  for  the  different  lots  are 
compared  in  Table  B-13. 


TABLE  B-13.  RATIO  BET WEEEN  GAINS  MEASURED  FOR 
AP1q/AP6  AND  AP10/AP3 


Gain  APjg/APg 

Gain  AP 1Q/ APg 

Ratio 

Lot:  A 

52.  43 

19.  25 

2.  72 

B 

50.  37 

19.  22 

2.62 

C 

54.  21 

19.  54 

2.  77 

D 

53.  21 

20.  38 

2.61 

Mean 

52.  56 

19.  60 

2. 68 

As  expected,  a constant  ratio  is  obtained  between  these  two  values. 
However,  there  appears  to  be  more  variability  in  the  gain  AP^g/APg 
than  in  the  gain  AP^q/ APg.  The  gain  in  AP^q/ APg  is  52. 6 ±12.  7 
(24.2  percent),  whereas  the  gain  in  APjq/AP^  is  19. 60  ±2.8  (14.3  per- 
cent). The  specification  for  gain  APjq/AP^  (19  ±4)  is  quite  wide,  and 
based  on  this  factor,  a yield  greater  than  95  percent  is  expected. 
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G a i n - C .Hit put  Cascade  with  Feedback 

The  data  obtained  for  the  gain  of  the  output  cascade  with  feedback 
APiq/AP3  are  summarized  in  Table  B-14. 


TABLE  B-14.  GAIN  - OUTPUT  CASC\DE  A.P10/AP3 
WITH  FEEDBACK  (PSID/PSID) 


Lot 

Total 

A 

B 

C 

D 

Sensor  1 

■SB 

10.  20 

9.  71 

Sensor  2 

1 

10.  10 

9.  90 

10.  47 

Sensor  3 

ms 

10.  36 

9.  80 

Sensor  4 

9. 75 

9.  66 

Sensor  5 

10. 00 

10.  53 

— 

EXi 

49. 47 

49.  13 

40.  58 

X 

9.  89 

9.  83 

10.  14 

9.  96 

2 

s 

0.  0276 

0. 0910 

0.  1277 

s 

0.  166 

0.  39 

0.  30 

0.  36 

95%  C.  I. 

1.  41 

1.  08 

0.  95 

0.  76 

Interval 

9.  43  to  10.  35 

8.4  to  11.2 

8. 9 to  11.  1 

9.  2 to  11.  1 

9.  20  to  10.  72 

The  variances  between  lots  and  within  lots  were  calculated  as  follows: 


Crude  Lot  SS  = E.(T.2/N  ) = (i^  47)2  + (^9.  13)2  (90.  16)' 

ill  5 5 5 


+ — ^-58)  = 1887.0968 


Correction  Factor  = (Fx.r  / N = 1886.8229 


2 9 

Total  SS  = 'Hx.  -(^x.)  /N  = 1889.  1222  - 1886.  8229  = 2.  2993 
2 2 

Lot  SS  = ^(T.  /N^-C^x.)  /N  = 1887.  0968-  1886.  8229  = 0.  2739 
Within  Lot  SS  = Total  SS  - Lot  SS  = 2. 2993  - 0.  2739  = 2.  0294 
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TABLE  B - 1 5 . GAIN  - OUTPUT  CASCADE  AP10/AP3  WITH 
FEEDBACK  ANALYSIS  OF  VARIANCE 


Source 

SS 

df 

MS 

Ratio 

Fn  = 0.  05 

Lot 

0.  2739 

3 

0. 0913 

0.  68 

3.  29 

Within  Lot 

2. 0254 

15 

0. 1350 

Total 

2. 2993 

18 

0. 1277 

From  Table  B-15  it  is  seen  that  there  is  no  significant  difference  be- 
tween the  variance  between  lots  and  that  within  lots  at  the  95 -percent 
probability  Level. 

From  Table  B-14  it  is  seen  that  the  95 -percent  confidence  interval  for 
APi0/AP3  with  feedback  is  9.96  ±0.76  (7.6  percent).  The  specifications 
would  allow  greater  than  95 -percent  yield  based  on  this  data.  The  mean 
value  of  9.2  is  slightly  low  and  could  be  increased  to  10.0  without 
affecting  the  yield  significantly. 

Gain  - Output  Cascade  APjq/AP^ 

The  data  for  the  output  cascade  gain  AP^q/AP^  is  summarized  in 
Table  B-16. 

The  variances  between  lots  and  within  lots  were  calculated  as  follows: 


Correction  Factor  = (Tx^)  / N = 3572.  1405 

Total  SS  = 'Tx.2-  Cpx.)2/N  = 3603.  0924-  3572.  1405  = 30.  9519 

l i 


Crude  Lot  SS=S.(T.2/N .)  , (S%52)2  + COJ5J))2 

ill  5 5 


(66.  05)  . (57 . 28) 


6 5 


= 3576.6353 


TABLE  B-16.  GAIN  - OUTPUT  CASCADE  AP,n/AP. 

(PSID/PSID)  1U  4 


Lot 

Total 

A 

13 

C . 

D 

Sensor  1 

15.  38 

14.29 

13.  16 

14.93 

Sensor  2 

14.  13 

14.08 

11.  63 

12.05 

Sensor  3 

12. 00 

13.89 

13.  80 

15.  15 

Sensor  4 

10.  70 

13.51 

13.  17 

15.  15 

Sensor  5 

14.  29 

14.  92 

14.  29 

... 

66.  50 

70.69 

66.  05 

57.28 

260. 52 

X 

13.  30 

14.  14 

13.21 

14.  32 

13.71 

s2 

3. 6114 

0.2735 

1. 0038 

2. 3009 

1. 7195 

s 

1.  90 

0.  52 

1.  00 

1.  52 

1.  31 

95%  C.  I. 

5.  3 

1.  4 

2.  8 

4.  8 

2.  8 

Interval 

8.  0 to  18.6 

12. 6 to  15. 5 

10.  4 to  16. 0 

9.  5 to  19.  2 

10.  9 to  16.  5 

Lot  SS  =Si(Ti2/Ni)-(Sx.)2/N  = 3576.6353-  3572.1405  = 4.4948 
Within  Lot  SS  = Total  SS-Lot  SS  = 30.9519  - 4.4948  = 26.4571 
The  analysis  of  variance  is  summarized  in  Table  B-17. 


TABLE  B-17.  GAIN  - OUTPUT  CASCADE  AP,n/AP. 

ANALYSIS  OF  VARIANCE  1 4 


Source 

SS 

df 

MS 

Ratio 

Fa*0.  05 

Lot 

4.  4948 

3 

1. 4983 

0.  85 

3.  29 

Within  Lot 

26. 4571 

15 

1. 7638 

— — - 

Total 

30. 9519 

18 

1. 7196 

From  Table  B-17  it  is  seen  that  at  the  95-percent  probability  level 
there  is  no  significant  difference  in  the  variance  between  lots  from 
that  within  lots. 

From  Table  B-16  the  95-percent  confidence  interval  of  the  gain  of  the 
output  cascade  &P1q/AP4  is  13.71  ±2.8  (20.4  percent).  The  specifica- 
tion for  this  gain  is  11.8  ±1.8  (10.0-13.6).  Retaining  this  specification 
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will  result  in  an  extremely  low  yield.  A yield  of  greater  than  95  per- 
cent can  be  obtained  by  changing  this  specification  to  13.  7 ±3.0.  As  all 
of  the  devices  were  capable  of  calibration,  this  is  considered  a reason- 
able modification. 

Null  Offset  of  AP^  Input 

The  data  for  the  null  offset  of  AP^  input  is  summarized  in  Table  B-18. 


TABLE  B-18.  NULL  OFFSET  OF  AP  INPUT  (PSID) 


Lot 

A 

B 

c 

I) 

Sensor  1 

-0.  1450 

-0. 132 

-0.  090 

+0. 058 

Sensor  2 

-0.  1375 

-0. 108 

-0. 200 

-0,  188 

Sensor  3 

-0. 1850 

-0. 030 

-0. 178 

-0. 245 

Sensor  4 

-0. 0250 

-0. 183 

-0. 268 

-0. 290 

Sensor  5 

-0. 0880 

-0.  243 

-0. 115 

''-X. 

-0, 5805 

-0.  696 

-0. 851 

-0. 665 

-2. 7925 

X 

-0. 1161 

-0. 1392 

-0. 1702 

-0. 1663 

-0. 147 

s 

0. 0038 

0. 0064 

0. 0050 

0. 0241 

0. 0079 

s 

0.  062 

0.  080 

0,  071 

0.  16 

0.  089 

95%  C.  I. 

0.  172 

0.  222 

0.  197 

0.  509 

0.  188 

Interval 

±0.  056  to  - 0.  288 

+0.  083  to  -0.  361 

H).  027  to  -0.  367 

+0.  34  to  -0.  6 75 

H).  04 1 to  -0.335 

The  variances  between  lots  and  within  lots  were  calculated  as  follows: 


Correction  Factor  = (Sx.u/N  = 0.410424 

Total  SS  = Ex.2-(Ex.)2/N  = 0.  5527  - 0.4104  = 0.  1423 

Crude  Lot  SS  = SjCr.2  /N,)  - + <"•  + «>•  ^ 


+ —•  ^65)  = 0.  419676 


Lot  SS  = E.(T.2/N.)-  (7^x.)2/N  = 0.419676-  0.410424  = 0.009252 

ill  l 

Within  Lot  SS  = Total  SS-  Lot  SS  = 0.  1423-  0.  009252  = 0.  133048 
The  analysis  of  variance  is  summarized  in  Table  B-19. 
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TABLE  B-19.  NULL  OFFSET  OF  AP4  INPUT 
ANALYSIS  OF  VARIANCE 


Source 

SS 

df 

MS 

Ratio 

F 

CL  = 0.  05 

Lots 

0. 009252 

3 

0.  003084 

0.  35 

3.  29 

Within  Lots 

0. 133048 

15 

0.  008868 

Total 

0. 142300 

18 

0.  007900 

The  data  in  Table  B-19  shows  that  the  lot-to-lot  variation  is  not  signifi- 
cantly greater  than  the  within-lot  variation.  The  extremely  small  ratio 
of  these  two  variances  is  probably  due  in  part  to  the  fact  that  the  largest 
and  smallest  values  fell  in  the  same  lot  (Lot  D).  It  may  also  indicate 
that  the  variation  is  not  completely  random. 

From  Table  B-18  the  95-percent  confidence  interval  is  seen  to  be 

-0.  147  ±0.  188.  A null  offset  requirement  of  ±0.  4 would  give  a greater  than 

95 -percent  yield. 

Rate  Amplifier  Gain 

The  data  for  the  gain  of  the  rate  amplifier  is  summarized  in  Table  B-20. 


TABLE  B-20.  RATE  AMPLIFIER  GAIN  (PSID/PSID) 


Lot 

Total 

A 

B 

C 

D 

Sensor  1 

4.  50 

4.  35 

4.  27 

4.  09 

Sensor  2 

4.44 

4.  19 

4.  14 

4.  24 

Sensor  3 

4.  67 

4.  50 

4.  13 

4.  03 

Sensor  4 

4.  38 

4.  21 

4.  38 

4.  38 

Sensor  5 

4.  33 

4.  43 

4.  42 

... 

v:x. 

22.  32 

21.  68 

21.  34 

16.  74 

82.  08 

* 

4.  46 

4.  34 

4.27 

4.  18 

4.  32 

fi2 

0. 01733 

0. 01828 

0. 01777 

0. 02470 

0. 026611 

s 

0. 1316 

0. 1352 

0. 1330 

0.  1572 

0.  1631 

c.  i. 

0.  37 

0.  37 

0.  37 

0.  50 

0.  34 

Interval 

4.  00  to  4.  83 

3.  06  to  4.  71 

3.  00  to  4.6  4 

3.68  to  4.68 

3.  08  to  4.66 

The  variances  between  lots  and  within  lots  were  calculated  as  follows: 


Correction  Factor  = (Tlx^)  /N  = 354.5856 
Crude  Lot  SS  = S.(T.2  /N.)  - + 

1 1 1 D D D 4 

= 354.  77698 

Total  SS=  S.2  - (Ex.)2/N  = 355.  0646-  354.  5856  = 0.  4790 
Lot  SS  =S.(T.2/Ni)-(^x.)2/N=  354.  77698-  354.5856  - 0.  19138 
Within  Lot  SS  = Total  SS  - Lot  SS  = 0.  4790-  0.  19138  = 0.  2 8762 


The  analysis  of  variance  is  summarized  in  Table  B-21. 


TABLE  B-21.  RATE  AMPLIFIER  GAIN  ANALYSIS 
OF  VARIANCE 


Source 

SS 

df 

MS 

Ratio 

F«=o.  05 

Lots 

0.  19138 

3 

0.  0638 

3.  32 

3.29 

Within  Lots 

0. 28762 

15 

0.  0192 

Total 

0. 47900 

18 

0.0266 
1 

The  data  shown  in  Table  B-21  indicates  that  there  is  a significant  dif- 
ference between  the  lot-to-lot  variation  and  the  within-lot  variation  at 
the  95-percent  probability  level.  This  difference  in  variability  could  be 
due  to  testing  errors  from  lot-to-lot,  process  variables  from  lot-to-lot, 
or  a combination  of  the  two. 

The  95-percent  confidence  interval  of  the  rate  amplifier  gain  is  seen  to 
be  4.32  ±0.34  (7.9  percent).  Although  the  variability  is  quite  low,  the 
rate  gain  of  3.  4 ±0.  5 set  in  the  specification  is  too  low  and  would  have 
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resulted  in  a 100-percent  rejection  of  this  lot.  Changing  the  specifica- 
tion to  4.  3 ±0.  5 would  result  in  a yield  greater  than  95  percent. 

Rate  Amplifier  Null  Offset 

The  data  for  the  rate  amplifier  null  offset  is  summarized  in  Table  B-22. 


TABLE  B-22.  RATE  AMPLIFIER  NULL  OFFSET  (PSID  AT  OUTPUT) 


I .ot 

Total 

A 

B 

C 

D 

Sensor  1 

0.  30 

0.  40 

0.  40 

0.  20 

Sensor  2 

0.  25 

0.  20 

0.  35 

0.  10 

Sensor  3 

0.  65 

0.  35 

0.  15 

0.  30 

Sensor  4 

0.  30 

0.  25 

0.  30 

0.  35 

Sensor  5 

0.  25 

0.  30 

0.  10 

— 

^X. 

1.  50 

1.  30 

wmmm 

5.  50 

X 

0.  30 

0.26 

0.  289 

s2 

0. 02875 

0.  00625 

0.  01675 

0. 01229 

0.  01544 

s 

0.  170 

0.  079 

0.  129 

0.  110 

0.  124 

95"i  C.  I. 

0.  47 

0.  22 

0.  36 

0.  35 

0.  26 

Interval 

-0.  12  to  *0.  82 

-0.  08  to  +0.  52 

-0.  10  to  +0.  62 

-0.  11  to  +0.  59 

*0.03  to  +0.55 

The  variances  betweeen  lots  and  within  lots  were  calculated  as  follows: 


Correction  Factor  = (7")x^)  /N  = 1.  5921 


Crude  Lot  SS  =7\(T.2 /N.)  = + Cl-  30)2  + (P-  95)2 

l l ' l 5 5 5 4 

= 1. 626125 

Total  SS  = 'Cx.2-  CCx.)2/N  = 1.  87-  1.  5921  = 0.  2779 

Lot  SS  = E(T.2/N.)  - CCx.)2/N  = 1.  626125  - 1.  5921  = 0.  03402 

Within  Lot  SS  = Total  SS  - Lot  SS  = 0.2779-  0.03402  = 0.24388 


The  analysis  of  variance  is  summarized  in  Table  B-23. 
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TABLE  B-23.  RATE  AMPLIFIER  NULL  OFFSET 
ANALYSIS  OF  VARIANCE 


Source 

SS 

df 

MS 

Rat  io 

Fo=0.  05 

Lot 

0. 03402 

3 

0.01134 

0.  70 

3.  29 

Within  Lot 

0. 24388 

15 

0.  01626 

Total 

0. 27790 

18 

0. 01540 

Table  B-23  shows  that  at  the  95-percent  probability  level  there  is  no 
significant  difference  between  the  lot-to-iot  variability  and  the  within- 
lot  variability.  Again,  the  fact  that  the  ratio  of  mean  squares  is  less 
than  1 may  mean  that  the  results  are  not  completely  random. 

The  data  in  Table  B-22  indicates  that  the  95-percent  confidence  interval 
of  the  rate  amplifier  null  offset  is  0.289  ±0.26.  Therefore,  the  speci- 
fication of  ±0.5  would  give  approximately  a 95 -percent  yield. 

PIP  Gain 

The  data  for  PIP  gain  is  summarized  in  Table  B-24. 


TABLE  B-24.  PIP  AMPLIFIER  GAIN  (PSIP/PSIP) 


1 ,ot 

Total 

A 

1! 

c 

D 

Sensor  1 

3.  33 

2.  98 

3.  14 

3.  52 

Sensor  2 

3.26 

3.  16 

3.  24 

3.  05 

Sensor  3 

3.  37 

2,  99 

3.  38 

3.  38 

Sensor  4 

3.  57 

3.  36 

3.  55 

3.  06 

Sensor  5 

3.  80 

3.  30 

3.  24 

— 

95%  C. !. 
Interval 


17. 33 
3.  47 
0.  04813 
0.  21!) 
0.61 

2.  8 to  4.  OH 


15.  H8 

3.  18 
0.  03823 
0.  106 
0.  54 

2.6  4 to  3.  72 


16. 55 

3.  31 
0.  02  530 
0.  150 
0.  44 

1.87  t * > 3. 7:t 


13.  01 

3.  25 
0. 05520 
0.  235 
0.75 

!.  50  to  4.01 


0.  046460 
0.  216 
0.  45 

2.  85  to  3.7 


The  variances  between  lots  and  within  lots  were  calculated  as  follows: 


Correction  Factor  = (Sx^)  /N  = 207.37226 

Crude  Lot  SS  = = <11^% < i^SW2  + + «W 

= 207. 59618 

Total  SS  = Tlx.2  -(Ex.)2/N  = 208.  2087  - 207.  37226  = 0.8364 
Lot  SS  = £.(T.2/N.)-  (TjX.)2 /N=  207,  59618-  207.  37226  = 0.  2239 

ill  i 

Within  Lot  SS  - Total  SS  - Lot  SS  = 0.  8364-  0.  2239-  0.  6125 


The  analysis  of  variance  is  summarized  in  Table  B-25. 


TABLE  B-25.  PID  AMPLIFIER  GAIN  ANALYSIS 
OF  VARIANCE 


Source 

SS 

df 

MS 

Ratio 

F c = 0.  05 

Lots 

0.  2239 

3 

0. 07463 

1.  83 

3,  29 

Within  Lot 

0. 6125 

15 

0.  04083 

Total 

0. 8364 

18 

0. 04647 

From  Table  B-25  it  is  seen  that  there  is  no  significant  difference  be- 
tween the  variable  within  lots  and  the  variance  between  lots  at  the  95- 
percent  probability  level. 

The  data  in  Table  B-24  shows  that  the  95-percent  confidence  interval  for 
the  PID  gain  is  3.  30  ±0.  45.  The  specification  of  3.  4 i0.  5 is  reasonable, 
and  from  the  universe  represented  by  this  data,  a yield  of  approxi- 
mately 95  percent  would  be  obtained. 
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PID  Null  Offset 


The  data  for  PID  null  offset  is  summarized  in  Table  B-26. 

TABLE  B-26.  PID  AMPLIFIER  NULL  OFFSET  (PSID  AT  OUTPUT) 


Lot 

A 

IB 

C 

D 

Sensor  1 

+0.  10 

-0.  30 

+0.  20 

+0.  25 

Sensor  2 

-0.25 

+0.  10 

+0.  15 

+0.  30 

Sensor  3 

-0.25 

... 

0 

t-0.  10 

Sensor  4 

-0.  to 

--- 

-0.  05 

+0.  10 

Sensor  5 

... 

-0.  15 

... 

-0.  50 

-0.  20 

rO.  15 

r0.  75 

0.  20 

X 

-0.  125 

-0. 100 

+0.  03 

+0. 1875 

0.  0133 

s2 

0.02750 

0.08000 

0.02075 

0.  01062 

0. 03588 

s 

0.  166 

0.283 

0.  144 

0.  103 

0.  189 

95%  C.  I.  1 

0.  53 

3.60 

0.40 

0.  33 

0.  40 

Interval  | 

-C.  065  to  +0.  40 

-3.  70  to  +3.  50 

-0.  37  to  +0.  43 

-0.  14  to  +0.  52 

-0.  39  to  *A. 

The  lot-to-lot  variance  and  between- lot  variance  were  calculated  in 
the  following  manner: 


Correction  Factor  = fUx^)  /N  = 0.0026667 

Total  SS  = Zx.2  - (Vx.)2/N  = 0.  5050-  0.  0026667  = 0.  50233 

Crude  Lot  SS=E.(T.2/N.)  = (.-<>■  50)2  +(^20)2  + (0..15)2  + (0.  75 )2 
1 i ' i'  4 2 5 4 

= 0.2276 

Lot  SS  = ^i(Ti2/Ni)  - (7)x.)2/N  = 0.2276-  0.0026667  = 0.22493 


Within  Lot  SS  = Total  SS  - Lot  SS  - 0.  50233  - 0.  22493  = 0.  2774 


Table  B-27  summarizes  the  analysis  of  variance. 

t 
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TABLE  B-27.  PID  AMPLIFIER  NULL  OFFSET 
ANALYSIS  OF  VARIANCE 


Source 

ss 

df 

MS 

Ratio 

Fa  =0.  05 

Lot 

0. 22493 

3 

0. 07498 

2.  97 

3.  59 

Within  Lot 

0.  2774 

11 

0.  02522 

Total 

0. 50233 

14 

0. 03588 

From  Table  B-27  it  is  seen  that  there  is  no  significant  difference  be- 
tween the  lot-to-lot  variance  and  the  within-Iot  variance.  The  data 
appears  to  be  normal. 

Table  B-26  shows  that  the  95 -percent  confidence  interval  for  the  PID 
null  offset  is  0.  01  ±0.  40  deg/sec.  The  specification  of  ±0.  5 deg/sec 
will  allow  a greater  than  95 -percent  yield  in  the  universe  represented 
by  this  data. 

The  extremely  wide  range  shown  in  Lot  B is  due  to  the  size  of  the 
sample  and  not  to  any  significant  change  in  variability.  The  value  in 
the  Student  t table  adjusts  the  standard  deviation  for  sample  size  when 
dealing  with  small  samples.  The  value  at  a 95 -percent  probability 
level  is  1.96  when  the  sample  size  reaches  infinity.  However,  for  a 
sample  of  5,  this  value  increases  to  2.  776,  and  for  a sample  of  2, 
this  value  increases  to  12.  706.  For  this  reason,  a sample  of  2 does 
not  give  a very  reliable  estimate  of  confidence  intervals. 

Throughout  this  report,  projected  yields  have  been  based  only  on  the 
raw  data  for  the  parameters  si  own.  Some  decrease  in  yield  is  to  be 
expected  due  to  catastrophic  failures;  i.e,,  dropping  a part  on  the  floor, 
losing  a part  in  process,  or  grinding  a surface  too  thin.  In  addition  to 
these  failures,  some  parts  will  be  scrapped  due  to  properties  not 
evaluated  in  this  statistical  study;  i.e.,  linearity,  curve  shape,  etc. 
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On  the  basis  of  overall  considerations,  a yield  of  80  to  85  percent  is 
indicated  by  this  study. 

Due  to  the  fact  that  the  current  process  has  a reasonable  yield  of  parts 
within  specification,  no  fractional  factorial  or  factorial  experiments 
were  carried  out.  In  the  event  that  the  process  gets  out  of  control  when 
larger  production  is  under  way,  planned  experiments  of  this  type  may 
be  needed  to  set  limits  on  various  process  variables. 
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